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Abstract
This research focuses on novel polymeric blends containing cyanate esters, a high 
performance thermoset known for its thermal stability, low moisture uptake and excellent 
electrical performance. Cyanate esters have found application in numerous areas where 
performance in extreme environments is required. Aerospace, medicine, energy production 
and high powered computing are just a selection of industries that exploit the idiosyncratic 
properties held by cyanate esters, yet for the continued development and advancement of 
technology, improvements are consistently sought after.
The overall aim of this research is to develop blends that build on and improve upon the 
already high performance properties held by cyanate ester homopolymers. A systematic 
approach has been adopted that goes about achieving this aim; firstly the blending of binary 
cyanate polymers has been investigated to produce a set of novel blends with reaction 
kinetics and thermo-mechanical performance a main area of investigation.
The research has looked for improvements in hot/wet performance with the role of catalysis 
and heating rates studied. Moisture absorption experiments through both elevated humidity 
and direct immersion tests have yielded data that provide an insight into the mode of water 
uptake in binary cyanate ester blends. With a reduction in outgassing observed for one 
binary blend [(3)9o(2)io] which is a major improvement upon the typical outgassing 
observed for either homopolymer.
Following the initial studies of binary cyanate ester blends, the research focusses on blends 
between cyanate ester and another high performance polymer, bismaleimide. BT resins 
have been analysed for their reaction mechanism and novel materials produced displaying 
excellent thermo-mechanical properties.
In parallel to empirical studies computational modelling has been performed in two 
methods ultimately producing accurate predictions of the main thermal transitions of Tg and 
Td for novel blends as well as accurately simulating degree of moisture uptake.
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1. Introduction
1.1 History o f cyanate esters
Cyanate esters have a long history, dating back to 1857 when the first alkyl cyanate esters 
were synthesised by Cloez [1]. The reaction between an alkoxide (and ultimately an 
aryloxide) and cyanogen chloride was originally performed in the presence of excess oxide 
in a molar ratio of 5:4. This excess resulted in unwanted imidocarbonates being formed 
from the conversion of the desired cyanurate (Figure 1.1) [2].
5 R O + 4  Cl C ^ 5 N   ► R O  0  OR +
OR
Figure 1.1 reaction scheme of triazine ring formation (molar ratio in bold)
Stable aryl cyanate esters were not developed until 1960, following research by Stroh and 
Gerber [3]. This research worked on the principle of using or/Ao-substituted phenols, which 
had a degree of steric hindrance that was great enough to prevent conversion of the aryl 
cyanate product to imidocarbonate (Figure 1.2) [2]. This research, combined with Grigat 
and Putter’s work, enabled Bayer AG to file the first patent in the development of stable 
aryl cyanate esters in 1963 [4, 5]. The key to their patent enabling industrial scale 
development of cyanate esters was the addition of a weak base (Figure 1.3 shows 
triethylamine) to the phenol-cyanogen halide mixture [4, 6]. The avoidance of excess base 
over cyanogen halide is paramount to the patent ensuring that phenoxides esterify 
instantaneously with the cyanogen halide, rather than the slower process of addition of 
phenoxide to cyanate which results in unwanted imidocarbonate formation [7] (Figure 1.3) 
[8].
+  Cl C = N
,OCN
+  K Cl
(a)
Figure 1.2 or^/zo-substituted stable aryl cyanates
(C2Hs)3N
+  CICN
,OCN
+ [(C2H5)3NH1C|-
OCN
NH
(b)
Figure 1.3 (a) reaction using triethylamine (patented by Bayer AG) and (b) undesired side
reaction in presence of excess phenoxide
The success of this method was mainly found with aryl cyanates and aryl dicyanates as 
their alkyl counterparts (exceptions being haloalkyl cyanates and sterically hindered alkyl 
cyanates) readily undergo an exothermic isomérisation to the stable isocyanate form 
(Figure 1.4) [9].
R ------------ N :
Figure 1.4 isomérisation to isocyanate
Numerous aryl cyanates, dicyanates and haloalkyl species were synthesised, stable enough 
for industrial scale manufacture [7]. Bayer AG who filed the original patents went on to 
develop a prepolymer based on bisphenol A as a matrix resin for fibre reinforced 
composites [10], which was known as Triazine A’ in the United States [11]. The simplified
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reaction scheme for curing the prepolymer resin into the thermoset polymer is shown below 
(Figure 1.5) [12].
NCO'
, R .
Figure 1.5 curing of prepolymer into thermoset polymer ‘Triazine A’
This thermoset polymer was used for the application of printed circuit boards, however it 
was withdrawn from the market in 1979 due to problems with carbamate impurities being 
formed in the propagating polymer during steam conditioned soldering tests [13]. The 
problems experienced by Bayer AG resulted in the patent being licensed to Mitsubishi Gas 
Chemical Company, who began blending Triazine A with the bismaleimide of methylene 
dianiline. Since that time numerous blends have been investigated [14]. The difunctional 
cyanate ester has progressed from BT resin, marketed by Mitsubishi Gas Chemical Co., to 
AroCy™, produced by Celanese in 1981 (who became Ciba-Geigy in 1992,) and Triazine 
A, marketed by Bayer AG. Multifunctional cyanate esters were then commercially 
produced under the trade name Primaset™ in 1991 by AlliedSignal [15, 16].
1.2 Introduction to Cyanate Ester Blends and Properties
The blend of Triazine A with bismaleimide of methylene dianiline was marketed in 1978 by 
Mitsubishi GC as ‘BT resin’ [17]. Although BT resin is a blend, the two resins do not 
apparently react with each other and as such remain in discrete phases [18]. Known as an 
interpenetrating network (IPN) these blends exhibit two glass transition temperatures as 
they are morphologically separate [19-21]. The glass transition referring to the change from 
a glassy state to a rubber like state. The blending of bismaleimides (BMIs) with cyanate 
esters was not the only work being carried out on cyanate ester blends. Kubens investigated 
blends of epoxides with cyanate esters; in this case co-reacting to form a hybrid material
[22]. The blending of cyanate esters with relevant resins such as epoxies and BMIs has 
been, and still is, an area of research dedicated to improve on the properties already held by 
the respective homopolymers. At this point it is important to understand the properties of 
the polycyanurate homopolymer and how it is possible to blend cyanate esters with epoxies, 
BMIs and other thermosets and thermoplastics to tailor an improvement in a specific 
property when compared to the homopolymer.
1.2.1 Homopolymer properties
As a homopolymer, cyanate esters are known for bridging the gap in terms of performance 
between epoxies and BMIs [23]. Cyanate ester resins exhibit excellent dielectric and 
adhesive properties, have low fiammability and toxicity values, as well as undergoing a 
fairly straightforward cure process. They have low moisture absorption and their glass 
transition temperatures sit between the much researched epoxides and the BMI group. 
However, their cost rivals that of BMIs and as such they are significantly more expensive 
than most epoxies.
Table 1.0 Comparison between high performance thermosets [24-28]
Property Cyanate ester Epoxies Bismaleimides
Tg(K) 473 - 673 373 -450 573-623
Moisture abs. (wt%) 0.6-2.5 3.0 - 6.0, 4.0 - 4.5
Dielectric Const. (Dk) 2.66 - 3.08 3 .8-4 .5 3 .4 -3 .7
Cure Temperature (K) 453 - 523 298 - 453 493 - 573
Tensile Modulus (MPa xlO’^ ) 3 .1 -3 .8 3.1-3.8 3 .4-4 .1
Density (kg.m’^ )xl 0'^ 1.1-1.35 1.2-1.25 1.2-1 .3
Average price (£/kg) 50 4 50
n.b. dielectric constant at IMHz and 298K
1.2.2 Thermal
The excellent thermal properties of high glass transition and degradation temperatures 
demonstrated by polycyanurate homopolymers can be explained by the way in which the 
polymer chains interact with each other and the availability of the space around them. This 
correlation is known as the packing fraction (Pf). It is the relationship between van der 
Waals’ volume (Vw) -  (the space occupied by the polymer, impenetrable by other atoms or
molecules) and the molar volume (Mv) -  (the space occupied by one mole of the polymer 
which is accessible to un-associated atoms and molecules.) A lower packing fraction is 
associated with higher degrees of cure which results in a higher Tg [29]. Along with the low 
value packing fraction, the absence of long linear chains within the polymer, whilst gaining 
an increasing aromatic content also contributes to a higher Tg. This improvement in Tg is 
offset by an increased incorporation of oxygen atoms resulting in greater rotational freedom 
with a negative impact on Tg but improved toughness.
Table 1.1 Thermal properties of polycyanurates (see appendix 1 for molecular structures)
Sample T g(°C ) 5% weight loss 
temp (°C)
Peak mass loss 
rate temp (°C)
Char yield at 
900°C (%)
XU-366 192 439 482 31
XU-71787 244 447 463 33
B-10 257 443 468 39
M-10 252 443 471 41
L-10 258 455 479 47
F-10 270 453 465 49
BPCCE 275 441 461 56
XU-371 >350 454 461 62
PT-30 >350 457 462 63
n.b. B-10, L-10 andPT30 are monomers 1, 2 and 3 respectively.
1.2.3 Dielectric loss
Cyanate esters have excellent dielectric properties including extremely low loss tangents 
and good permittivity. Because cyanate esters surpass both epoxies and BMIs in their 
electrical properties, they are sought after for applications such as laminating varnishes on 
PCBs where high speed signal conduction is paramount.
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Figure 1.6 Dielectric constants of typical thermosets [7]
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Figure 1.7 Loss tangent comparison for thermosets [7]
Any insulating material will inevitably absorb some energy from the electromagnetic field 
in dipoles and dissipate this stored energy as heat. If the insulating material absorbs a lot of 
energy and subsequently releases this as heat, there are consequences for the properties of 
the electrical system, namely slower signal propagation, power loss, signal attenuation and 
localised overheating. Therefore, for technical advances to continue in the form of smaller.
higher powered devices, as predicted by Moore’s law [30], then the electromagnetic field 
must have a minimal impact on the insulating material [31].
Dielectric constant (Dk) can be defined as the ratio of the capacitance of a capacitor 
containing the dielectric medium to the capacitance were the medium removed [31]. 
Although complex, essentially it is used as a method of measuring the way in which a 
material is able to resist electric charge when in an electromagnetic field. The dissipation 
factor (Df) is a measure of the absorbed energy which is then lost as heat, this is also 
sometimes known as the loss tangent. As a generalisation it is the dissipation factor that is 
the more important property when considering electrical loss from a system. This is due to 
the larger discrepancies of Df compared to Dk between resins [31].
Cyanate esters have very low Dk and Df values, primarily due to their chemical nature. The 
network created through cyclotrimerisation is a symmetrical one where there are no distinct 
dipoles. The electronegative atoms (nitrogen, oxygen) find themselves surrounded by 
electropositive carbon atoms. This symmetrical arrangement leads to very short dipole 
moments, through balanced electron clouds and as such a low Dk value is exhibited. This is 
augmented by the low degree of hydrogen bonding within the structure, which does not 
facilitate proton donation.
When the electronics industry consider candidate insulation materials for electrical systems, 
there are a number of stimuli under which the materials must perform well, maintaining 
excellent electrical properties in terms of low Df and Dk as discussed above. Owing to the 
increasingly high powered technologies created with increased packing density of 
components, the insulation material will be exposed to both heat and moisture and must 
minimise the risk of fire whilst maintaining performance.
1.2.4 Moisture Absorption
Moisture absorption has long been a concern for commercial manufacturers using cyanate 
esters. The original problems of carbamate formation (as discussed in section 1.1 and 1.2.6) 
and subsequent evolution of CO2 and blistering experienced by Bayer AG with their printed 
circuit boards has been an issue which has required addressing in order for cyanates to 
become a widely accepted high performance material.
As homopolymers, cyanate esters absorb less water than their epoxy and polyimide 
counterparts (figure 1.8). However, this resistance is reliant upon complete conversion of 
the polymerisation and as such selection of catalyst and choice of cure schedule are 
extremely important.
Dk(lMHz)
HjO absorption (%) |_
2 3 4  5
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Figure 1.8 Hygrothermal performance of various thermosets [32].
The absorption of water into polycyanurates is thought to follow physical limitations, in 
that the water manages to exist in the free volume between chains. This theory would agree 
with the lack of strong dipoles within the triazine ring with experimental data (figure 1.8) 
showing cyanate esters/phenolic triazines (CE/PT) reaching equilibrium before 
bismaleimides (BMI) and epoxy composites at much lower degrees of absorption [31].
When one considers how the electronegativity of the system impacts on moisture 
absorption, it is known that addition of bulky hydrocarbon groups to the cyanurate 
homopolymer results in a lower Dk through diluting dipole concentrations and decreasing 
the electronegativity of the benzene ring.
Interestingly, one of the most common cyanate esters, bisphenol A dicyanate, has been 
found to undergo only 5% hydrolysis when exposed to a stoichiometric quantity of water 
[14].
1.2.5 Flammahility
Some cyanate esters have been known for their excellent fire resistance. There are several 
reasons for this: firstly, the cyclotrimerisation reaction produces the triazine ring which is 
extremely thermally stable resulting in degradation temperatures of around 723K for the 
cured polymer. When the polymer is exposed to such temperatures that cause the 
degradation of the polymer, it is further protected by the char produced during the burning 
which acts as a barrier between the heat and/or flame and underlying polymer [33, 34]. 
Along with these thermal characteristics, there are no volatiles produced during cure and as 
such there should be very little disruption of the final structure, maintaining strength [35]. 
Thermogravimetric analysis (TGA) by Walters et al. on the thermal degradation of nine 
polycyanurates demonstrate how the polymers investigated kept over 90% of their mass 
until around 723K, when at which point all polymers began to undergo considerable 
degradation [36]. The data on fire resistance are extremely useful, especially when one 
considers the applications of cyanate esters and their blends often result in exposures to 
extreme environments.
1.2.6 Carbamate formation
Hydrolysis of the cyanate group yields formation of carbamates. This hydrolysis arises 
from the use of aqueous base and transition metal catalysis [37]. Carbamate impurities 
result in delamination and blistering of the laminate when soldering due to generation of 
CO2 as a hydrolysis product of the carbamate. This degradation of the laminate has been 
found to occur between temperatures of 344K-354K [38]. Carbamate impurities arise from 
the addition of water to the cyanate in regions where sterically isolated cyanate groups 
reside unreacted. This results in termination of propagating polymer end groups isolated 
fi*om the larger moiety [39]. Hydrolysis to the carbamate is rapid in the presence of strong 
acidic catalysis [40], however the phenol can be regenerated by exposure to strong base [6, 
41]. Figure 1.9 illustrates the mechanism of hydrolysis and degradation of the polymer [42].
NH o
Cu
slow fast
v w O  C N — ► \A A / '0 ------C------OH ■“ ■■■■► w voO ------ 0 ------ NH2 ---------^  wvrNHg + CO2
Figure 1.9 reaction detailing carbamate formation and ultimate CO2 evolution in network
1.2.7 Reduction in glass transition temperature
Even the smallest amount of moisture absorbed by the polymer can result in the properties 
of the thermoset being compromised [43]. As has been stated earlier, cyanate esters have an 
inherently low degree of moisture absorption. However, they are still prone to absorption 
depending on their environment. The glass transition temperature (Tg) is one such property 
that can be adversely affected by adventitious water. Banks et al. postulate that a disruption 
to hydrogen bonds can increase the range and vigour of molecular segmental motion and 
thus reduce Tg [44].
1.2.8 Autocatalytic exothermic reaction
Cyanate esters have a high exothermic heat of reaction which is autocatalytic [45]. It has 
been suggested that for dicyanates this stems from the presence of a hydrated cyanate dimer 
acting as the catalyst [46]. This dimer readily undergoes attack from adventitious water, 
although identifying this as an intermediate has been extremely problematic [47-49].
o
Figure 1.10 Hydrated cyanate dimer 
1.3 Cyanate ester/Cyanate ester blends
The most logical first step when considering the blending of cyanates would be to blend 
with another cyanate. This reduces the variability one gets from blending with a different 
molecular system, generally facilitating an easier curing schedule. However, the data 
available on CE/CE blends are limited when compared with CE and other polymer species 
such as the well documented CE/Epoxy and CE/BMI systems.
One significant study was conducted in 2010 by Hamerton et al. who investigated whether 
it was possible to accurately simulate the Gibbs free energy of mixing bisphenol A 
dicyanate with three other cyanate monomers in binary blends [24]. The data obtained were 
compared to an earlier study, again by Hamerton et al, in which they researched the 
thermomechanical behaviour of cyanate blends with low coefficients of thermal expansion
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(CTE) [50]. The purpose of both investigations was to overcome the difficulties of 
delamination of multichip modules due to differences in CTE of the substrate (normally 
silicon) and the cyanate adhesive. The studies concluded that a novel binary blend was able 
to reduce CTE by 12ppm/°C whilst simulation of binary mixtures has shown to be of a 
significant advantage in understanding phase separation behaviour.
NCO OCN
-CHgCHgO- n=l
-CH2CH2OCH2CH2O- n=2
-CH2CH2OCH2CH2OCH2CH2O- n=3
Figure 1.11 illustration of the different blend components studied in [24, 50]
1.4 Cyanate ester/Epoxy blends
Blends between epoxies and cyanate esters have existed since the early 1970’s following 
initial work by Kubens et a/. [22]. Cyanate ester/epoxy (CE/EP) blends were introduced as a 
way of altering properties to better suit the applications of high performance polymers. 
These hybrid blends yield properties that sit between epoxies and cyanate esters, whilst 
being more cost effective than cyanate ester homopolymers. The high performance 
polymers of that time had mainly found applications in adhesives and micro-electronics, 
including printed circuit boards, and they were beginning to move into aerospace and extra­
terrestrial categories due to the combined thermal, mechanical and electrical performance 
that they offer.
Bauer et al. proposed a mechanism of polymerisation for the cyanate/epoxy blend which 
was later confirmed by Shimp et al. in 1992, although these investigations focused purely 
on monofunctional cyanate esters (Figure 1.12) [37, 51, 52]. Essentially, the main steps 
involve cyanate ester cyclotrimerisation, epoxide insertion, isomérisation of the cyanurate 
species to isocyanurate followed by the formation of 5 membered oxazolidinone rings [32].
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OCN
Figure 1.12 reaction of CE/Epoxy proposed by Bauer and confirmed by Shimp
This reaction mechanism was later investigated by Grenier-Loustalot et al. who managed to 
detect the presence of a four membered ring (diazacyclobutadiene, DACB) and carbamate 
intermediates which autocatalysed the polymerisation between epoxy and cyanate ester 
[53].
DACB
OH NH
DMH
Figure 1.13 intermediates postulated as responsible for autocatalysis of epoxy CE system
This research was contradicted by an extensive investigation by Fyfe et al. who, using 
NMR data, concluded no intermediates were formed during network formation [49]. This 
was later confirmed by Fang and Shimp who state that the steady-state concentration of any
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DACB must be extremely low and will not survive ambient conditions [7]. However, Fang 
and Houlihan report the detection of DMH through mass spectrometry, which would 
explain the autocatalytic nature of an uncatalysed reaction, with reversible DMH formation 
following attack by adventitious water [47].
The polymerisation process for any system is a complex one with numerous reactions 
occurring very quickly. There are also a wide range of variables to the polymerisation 
process which could alter the nature of the final product. Typical variables include choice, 
ratio and functionality of monomers, the reaction conditions, including temperature and 
ambient moisture, and of course the initiators and catalysts selected or indeed not selected.
Fyfe et al investigated linked-interpenetrating networks (LIPN) between cyanate esters and 
epoxies [54]. This research focused on using a bisphenol-A-monocyanate monoglycidyl 
ether monomer as a crosslinking agent between the CE/EP blend which yielded a polymer 
with a greater degree of strength and toughness than a standard CE/EP blend.
In a five part study, Jones et a l reported interesting findings on the moisture absorption by 
cyanate ester/epoxy blends. This study is a fairly comprehensive one, in which they 
document the effect of thermal spiking parameters on moisture absorption and blend 
composition in relation to moisture absorption to name two variables[55-59]. It was found 
in this five part study that thermal spiking above 120 °C led to increased moisture 
absorption and that water remains entrapped within the polymer matrix. It was also 
confirmed that increasing temperature decreases polymeric free volume.
Another investigation, this time by Guo et al, compared the hygrothermal stability of 
homopolycyanurates and an epoxy/bisphenol A dicyanate blend. Their research showed 
that if the epoxy fraction (fe) was below 0.5 through the blend, then far less moisture would 
be absorbed when compared to the polycyanurate homopolymer (1.6% vs. 2.1% after 725 
hours) [60].
These highlighted investigations give a small snapshot into the research conducted on 
CE/Epoxy blends. As has been stated previously, research has been going on for decades in 
this field, most of which is beyond the scope of this investigation.
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1.5 Cyanate ester/Bismaleimide blends
Since the first BT resin there have been a number of new blends researched between 
cyanate esters (CEs) and bismaleimides (BMIs). The nature of the two resins, when 
polymerised with a catalyst, is to remain in discrete phases as an interpenetrating network 
(IPN) resulting in a specific set of properties, some advantageous, some potentially 
problematic [61].
The moisture absorption into a CE/BMI blend has been documented in several papers. It 
has been found to be high when compared to their respective homopolymers in an 
investigation by Hamerton et al. They found, by exposing materials for 18 months to H2O 
in temperatures up to 70°C, that as the percentage content of BMI is increased in the blend, 
the moisture absorption also increases [62]. This has been postulated as water moieties 
being able to exist within the free volumes of the entangled chains of the IPN [42, 63]. This 
contradicts a study by Nair et al. who found that although a polar maleimide should in 
theory give rise to higher moisture absorption, if the IPN formed between CE and BMI is 
tight enough, water cannot exist in the free volume and as such moisture absorption is 
decreased. However this study only exposed materials to 24 hours in boiling water and is 
thus a far shorter experiment [64]. ‘Skylex’ resins are an example of a commercially 
produced blend of dicyanate ester of bisphenol A (DCBA) and BMI existing as an IPN [21, 
65].
The thermal and mechanical properties of CE/BMI blends generally fall between their 
homopolymers. Therefore the inherent brittle nature of BMI homopolymers is reduced 
whilst the thermal properties fall between CEs and BMIs [66]. It should be noted that with 
adaptation the blend can be manipulated. A polymerisation without catalyst specific to 
cyanate ester (metal carboxylate/lewis acid/chelate) results in a slow polymerisation that 
facilitates the formation of chemical cross linkages between the two resins in the form of 
pyrimidine and pyridine structures as shown in figure 1.14 [17, 65-67]. These linked 
interpenetrating networks (LIPNs) can also be induced through funtionalisation of the 
cyanate esters [19, 20]. The copolymerisation of allyl cyanates and BMIs have shown to 
exhibit Tg values of around 523K whilst having a fracture toughness higher than the 
respective homopolymers [63].
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Figure 1.14 Postulated formation of pyrimidine and pyridine structures [66]
Hamerton et ah used chemometrics to infer quantitative data with their investigation into 
the spectra of cyanate ester/BMI blends and correlation with properties. Assimilating large 
quantities of data and drawing a conclusion was simplified by the use of principal 
components analysis (PCA). The investigation was able to conclude that a simple near 
infrared spectroscopic investigation enables the prediction of DMTA and TGA results [68].
The cure chemistry of CE/BMI blends has been investigated by Liu et al. who make clear 
conclusions that there are three different types of cure mechanism. Non-catalysed systems 
result in two distinct, independent regions of polycyanurate and polyBMI, The use of a 
cyanate catalyst (nonylphenol) results in the same independent cure although at an 
accelerated rate, and finally a ring closure catalyst (p-toluene sulphonic acid) results in co­
reaction between CE and BMI to yield a homogeneous network [69].
This research was confirmed by Lin et «/. who utilised FTIR, DSC, and NMR to investigate 
the cure reactions of cyanate ester and BMI [66] and also by Yan et ah who demonstrated 
independent homopolymérisation through the use of Fe(acac)3 catalyst, leading to distinct 
regions of CL and BMI in an IPN [70].
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The effect on properties of the cured polymeric network has been well investigated by Nair 
et al. who document that the presence of BMI enhances mechanical properties if 
incorporated in small quantities, with higher quantities leading to brittleness. The physical 
properties of dielectric constant and dissipation factor were independent of blend 
composition. The use of a linker (4-cyanatophenyl maleimide) resulted in higher Tg at a 
cost of poorer mechanical and fracture properties [64].
The work by Nair et al contrasted with work by Ganesan et a l who focused on CE/BMI 
blends linked with Schiff bases (C=N). This investigation proved to illustrate mechanical 
and physico-chemical performance improvements, whilst maintaining the superior thermal 
properties exhibited by BMIs. They conclude that cyanate esters containing Schiff base 
linkages are suitable for various hi-tech applications [71].
Gu et al investigated the use of bisphenol E dicyanate ester (LECy) as a modifier in 0 ,0 - 
diallyl bisphenol A (DABA) modified 4,4-bismaleimidodiphenylmethane (BDM.) They 
found that increasing the concentration of LECy gives rise to a longer pot life and reduced 
viscosity, and hence easier processing. However, it does result in a reduction of Tg [72]. 
This use of LECy, taking advantage of it existing in a liquid state at room temperature, has 
also led to it being investigated for use as an adhesive repair system in BMI/carbon fibre 
composites, with excellent results [73].
1.6 Other cyanate ester blends
1.6.1 Incorporation o f thermoplastics
Although cyanate esters are known for their excellent thermo-mechanical stability and low 
dielectric loss, they can be further improved up by the addition of thermoplastics. More 
specifically, thermoplastics act as toughening agents when incorporated into a 
polycyanurate. Typical thermoplastics that have been studied include polysulphone (figure 
1.15) [74], poly(ether sulphone) [75], polyarylate, poly(ether imide), and most widely 
investigated, polyurethane [76-78].
One such investigation was conducted by Fainleib et al who researched the chemical 
structure and thermo-oxidative degradation of polyurethane/polycyanurate sequential IPNs. 
They document the formation of covalent linkages between the polyurethane and bisphenol
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A dicyanate with cyclotrimerisation into the polyurethane matrix forming a linked 
interpenetrating network (LIPN). They summarise that as ratio of thermoplastic is 
increased, the tendency for the formation of a hybrid network over linked discreet regions is 
increased [76].
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1.6.2 Cyanate Ester/Benzoxazine Blends
Blending benzoxazines with cyanate esters seems a logical route of investigation. 
Benzoxazines, like cyanate esters, are high performance polymers exhibiting excellent 
mechanical properties along with high temperature stability and Tg [79].
Nair et al. investigated the mode of cure of bisphenol A based benzoxazine and cyanate 
ester with good quantitative results. Their study showed that both the cyclotrimerisation and 
ring opening of benzoxazine occur almost simultaneously, with an oxazine and cyanate 
reaction occurring at lower temperature which ultimately propagates the ring opening of the 
benzoxazine. This theory was corroborated with DSC data showing multiple exotherms 
whilst the single Tg implies that a homogenous matrix had been created [79].
1.6.3 Additives
The use of additives is an interesting area of cyanate ester research. It has been shown that 
the addition of 10% by weight of particulate modifier can increase the fracture energy of 
the cyanate-ester polymer by 100%. This is thought to be due to a combination of 
toughening mechanisms such as crack deflection, pinning and matrix cavitation around the 
second-phase particles [80].
Sheng et al. investigated the influence of nanoparticulate additives on the polymerisation of 
bisphenol E dicyanate. Because of the high specific surface area, nanoparticles have been 
shown to improve upon the physical, thermo mechanical, and processing characteristics of 
polymer matrices beyond the expected values made from standard macro sized models [81]. 
The silica and aluminium nanoparticles used in this study were found to have adsorbed 
water which led to a catalytic effect on polymerisation. It should be known water is easily 
adsorbed by nanoparticles because of the specific surface/volume chemistry.
This work was furthered by Kessler et nr/. [82] and Gu et nr/. [83] who researched the role of 
BaTiOs and CaCu3Ti40i2 respectively. In the study by Kessler et al. the use of dried barium 
nanoparticulate matter was shown to improve the Tg markedly while maintaining other 
thermo/mechanical properties.
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1.7 Catalysis
Cyanate esters are known to undergo an addition cyclotrimerisation polymerisation 
mechanism which is catalyst dependent. The rate of cure maybe varied by choice over type, 
and amount of catalyst employed. Typical catalysts that have been studied include 
carboxylate salts and chelates of transition metal ions, although the choice of catalyst is 
dependent on monomer/prepolymer choice, pot life required and type of processing method 
that will be used [84]. Other catalysts include those that are hydrogen donors 
(phenol/HzO/amine.) It has been found that high reactivity of the metal is attributed to low 
co-ordination number and high ligand mobility e.g. zinc [85]. However, tin, lead and 
antimony all promote transestérification and hydrolysis and because of this they should be 
avoided when choosing a catalyst.
The role of the transition metal is to form co-ordination complexes which facilitate the 
cyclotrimerisation between three cyano groups. This is done by increasing the proximity 
between the species before the co-catalyst directly instigates the reaction [86].
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Figure 1.16 Mechanism for metal catalysed cyclotrimerisation
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In order for full dissolution of the catalyst into the molten resin, both high temperatures and 
long cure times can be required. However, these catalyst particles must not be left active 
within the resin due to carbamate formation which directly impacts on the integrity, storage 
life, properties and processability of the material. To overcome residual catalyst, a co­
catalyst is added such as nonylphenol, imidazoles or aromatic amines. These can solvate the 
metal catalyst and complete triazine ring closure, both steps minimising moisture uptake 
and subsequent carbamate formation.
Shimp et al. investigated the choice of catalyst, and interestingly found the metal employed 
has a minor effect compared to the amount of nonylphenol used to increase conversion 
(Table 1.2) [41].
Table 1.2 Effect of metal/nonylphenol catalysis on selected BADCy resin properties
Cu2+ Co^+ Zn2+ Mn2+ Fe3+ AF+
[Metal] /ppm 360 160 175 435 65 250
Gel time /min 105°C 60 190 20 20 35 210
177°C 2 4 1 I 1.5 4
Cured Resin 
Conversion /%
nonylphenol 2phr 96.6 95.7 95.8 93.8 96.5 96.8
nonylphenol 4phr 98.4 97.3 97.0 - - -
HDT/°C Dry 244 243 243 242 239 238
Wet 175 193 182 163 143 157
Moisture absorption/% at 100°C for 
SOOHrs
2.4 2.3 2.5 2.6 2.4 2.4
Thermal Stability/Hrs at 235°C in air 400 400 375 300 250 200
It should be noted that this investigation was carried out in 1987 with nonylphenol as co­
catalyst. Since that time it has been found nonylphenol mimics oestradiol and as such is an 
endocrine disruptor [87]. This has led it to be reviewed and restricted by the European 
Union as a hazardous substance [88].
The activity of different catalysts on LECy is shown below (Table 1.3.) The pot life varies 
greatly as do the gel times depending on the use of naphthenate, acetylacetonate and metal 
ion. Note the excellent pot life and high reactivity of the cobalt moiety [42].
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Table 1.3 Effect of catalysis on LECy
Zn2+ Zn2+ Cu2+ Cu^+ Co2+ Co^+
[Metal] /ppm 60 120 150 160 100 300 500 200 170 120
Organic
Moiety
Naphthenate AeAc AeAe Naphthenate AcAc AeAe
Pot life/25°C 
hrs
70 30 20 32 68 30 21 15 300 950
Gel time/min 
150°C
25 3 0.5 2 45 15 7 7 14 24
177°C 0.6 0.3 0.2 0.3 15 4 1.5 2 0.3 2
Latency
ratio
3 10 40 16 1.5 2 3 2 21 40
The role of ortho DABA in curing of LECy and a trifunctional novolac cyanate ester has 
been investigated by Koh et al. They document that DABA is suitable for catalysing the 
reaction by reducing the exotherm by 100 °C whilst also acting as a toughening agent of the 
novolac cyanate, reducing its elastic modulus [86].
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Figure 1.17 DABA catalysis between two eyanates
Catalysis in BMI/CE blends has been investigated with interesting data. The use of a 
eopper(II) naphthenate/nonylphenol catalyst system on BADCy (Bisphenol A dicyanate) 
with BMI has been shown to result in an interpenetrating network (IPN) with the polymer
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exhibiting two TgS [21, 66]. Similar data have been obtained with dibutyl tin dilaurate 
catalyst on BADCy and 2,2-Z>/5[4-(4-maleimido phenoxy) phenyl] propane (BMIP), which 
also demonstrate the formation of an IPN rather than a eo-reaeted system [64]. In non- 
eatalysed blend systems between BMI and dicyanate ester co-reactions have been suggested 
to occur resulting in pyridine and pyrimidine structures being formed, rather than the IPNs 
as previously stated with typical triazine structures formed through cyclotrimerisation of 
cyanate esters [66].
Nair et a l investigated the curing of benzoxazine and BADCy. It was hypothesised that the 
curing process involved catalysis of cyclotrimerisation through the presence of phenol with 
an iminocarbonate intermediate. It should be noted that this scheme is the one hypothesised 
for all hydrogen donors (Figure 1.18.)
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Figure 1.18 cyclotrimerisation through iminocarbonate formation
The reaction proceeds with oxazine and cyanate groups reacting simultaneously followed 
by a cross-linked structure comprised of triazine as a part of a polybenzoxazine structure 
(Figure 1.19) [79].
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Figure 1.19 schematic showing cross-linked structure of triazine polybenzoxazine [79]
Lin et al investigated the curing behaviour of a liquid dicyanate with three different 
catalysts: Cr(acac)3, Co(aeac)3 and Cu(aeae)2. The copper catalyst was shown to induce the 
faster rate although there was a similarity between all catalyst systems in final degree of 
cure [89].
1.8 Applications o f cyanate esters
Since their inception, cyanate esters have generally found applications where performance, 
not financial cost, is regarded as of paramount importance. Cyanate esters have found 
application in aerospace composites, microeleetronies and circuit boards as well as radomes 
and are now moving into the forefront of energy production in environments such as ITER. 
Although costly when compared to their epoxy counterparts, the research and interest in 
cyanate esters has grown. The possibility of creating cost effective materials whilst 
maintaining the excellent properties exhibited by polycyanurates has been enabled 
particularly through blending.
1.8.1 Microelectronics, dielectric coatings and PCBs
These were the first applications of cyanate ester resins and still represent the largest market 
share of application for these high performance materials, taking advantage of their 
excellent electrical properties. As has been specified before cyanate esters have very low
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dielectric constants and low loss tangents and as such are used in the fabrication of 
electronic devices.
As the thickness of circuit boards increases due to layering of circuitry, the dielectric 
properties of the polymeric material becomes more important, ensuring optimal signal 
propagation whilst remaining thermally and mechanically reliable. This is also true for 
multiehip modules synthesised through film deposition and film lamination, where thin 
layer conductors are insulated by thin film of CE hybrid [7, 31].
There have been numerous problems with the use of eyanates in circuitry. Carbamate 
formation and blistering during soldering has been documented, as has the issue of the 
innate brittleness of eyanates leading to fracture when drilling [12, 38]. Although 
sometimes problematic the use of cyanate esters in printed circuit boards, multichip 
modules and dieleetrie coatings is now common place in formulation with bismaleimide in 
BT resins. An industry estimated to be worth ca. $94 billion in 2017 [90].
1.8.2 Adhesives
Although a uniform polycyanurate network is devoid of strongly polar groups, 
polycyanurates exhibit excellent adhesion towards metal, glass and carbon fibres. Covalent 
bonding with substrate hydroxyl groups and co-ordination with metal oxides are thought to 
contribute to the adhesion as well as low shrinkage, 3-4% tensile elongation at break, high 
shear and peel strength bonds [32, 91].
Investigations by Thunga et al. into the use of BPECy (LECy) as a method of injection 
repair on high performance polymer-matrix composites has shown that at room temperature 
(298K) BPECy demonstrates similar adhesive properties to epoxies however it outperforms 
at higher temperatures (473K) [73].
1.8.3. Aerospace composites
The use of eyanates in aerospace is commonplace in airframes, foams, sandwich structures 
and satellites. The properties held by eyanates lend themselves for ideal application in both 
terrestrial and extra-terrestrial environments. Most notably the properties include high 
control of coefficient of thermal expansion (CTE), coefficient of moisture expansion 
(CME), low outgassing, and resistance to micro cracks and radiation.
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Table 1.4 Thermo-mechanical properties in elevated humidity testing [92]
Siloxaue cyanate 954-3 toughened 
cyanate
934-epoxy
H2O abs (%) 0.31 0.45 >1.90
Strength (ksi) 18.9 19.2 9.7
Modulus (Ms!) 0.45 0.47 0.63
Gic (J/m2) 1170 454 -150
(H2O ahs: 80% RH at RT)
These properties are particularly suitable to the environments encountered by aerospace 
composites - typically drastic temperature changes along with cosmic radiation and 
terrestrial moisture gives rise to the potential for micro cracks and degradation of the 
structures. With the use of eyanates this risk is minimised whilst maintaining CTE and 
CME. Table 1.5 lists some of the current eyanates used in aerospace applications.
Table 1.5 Table of cyanate esters currently used in industry and their properties
CE Tg°C Moisture Abs at 
100°C
Dielectric
Constant
Loss
tangent
CTE
ppm/°C
BTCyl 190 1% 2.7-2.8 0.003 -
BTCy lA 185 1% 2.7-2.8 - 77
BTCy2 191 0.6% 2.6-2.7 0.001 -
EX 1515 121 2.1%(at71°C) 2.8 0.004 61
EX 1551 180 1.4% 3.0 0.015 62
EX1505 316 1.3% 2.69 0.008 -
254 0.69% 2.67 0.005 24
RS9 371 - 3.17 0.0049 28
R S I 2 161 0.91% 2.76 0.006 29
TC410 112 1.7%(at71°C) 3.23 0.0034 32
TC420 321 - - - 60
Data obtainedfrom Tencate Advanced Composites, USA.
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1.8.4 Radomes and Antennae
Cyanate esters are an excellent material of choice for radomes, antennae and other devices 
requiring excellent thermal and mechanical stability whilst maintaining signal strength and 
integrity.
I Absoiption
Transmission
Figure 1.20 Diagram of potential routes of signals through radomes
As the diagram above illustrates, for maximum transmission of signal, the material of the 
radome should minimise refraction, reflection and absorption of the electromagnetic signal. 
The choice of a material with high dielectric constant or dissipation factor would result in 
weakening of signal along with the structure of the radome itself being heated through 
conversion of electromagnetic energy to thermal energy. The typical material of a radome 
will be exposed to frequencies in the region of 600 MHz to 100 GHz and should have 
dielectric constants (Dk) of less than 3 and dissipation factors (Dr) of less than 0.010 [7]. 
Along with the electrical properties integral to signal transduction, there is also an emphasis 
on ensuring the material used for radome construction has both thermal and mechanical 
properties able to withstand the environment required. These environments can be extreme. 
Nosecones of aircraft, missile tracking noses, and weather radar all require resistance to 
high temperatures, whilst maintaining their electrical properties [23]. Current applications 
of cyanate esters in radomes and antennae include the AgustaWestland Helicopter’s 
AWlOl Merlin which uses Kevlar/Cyanate ester sandwich bonded skin [93].
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1.8.5 Photonics
Light may be encoded with more information than electrical signals stemming from it 
having a higher frequency of around 10^ "^  Hz compared to electrical signals of 10  ^Hz. This 
is lamented by extremely low power loss over large distances, low spark hazard and 
immunity from electrical interference [32].
The conversion of electrical power into light and back into electrical power is efficiently 
performed by LEDs, semiconducting lasers and photodiodes with the focus on waveguides 
and non-linear optical devices to switch, modulate, amplify and stabilise the optical signal 
[32].
1.8.6. NLOD (non-linear optical devices) and optical waveguides
The ability of cyanate esters to act as optical waveguides and non-linear optical devices is a 
real one. There are numerous patents in the area, such as those assigned to AT&T, General 
Electric Co. and Flamel to only name a few [94-97]. The ease of processing has been a 
major contributing factor to the use of polycyanurates for optical and NLO devices, with 
the use of photolithographic methods a mainstay in device manufacture.
The rigid, uniform 3-dimensional structure of polycyanurates enables the trapping of 
functional groups which makes it possible to induce large dipole moments. These dipole 
moments can be orientated by the use of an electromagnetic field and then frozen by 
cooling the polymer whilst still in the field. Termed ‘poling,’ the dipoles are able to absorb 
large amounts of electromagnetic energies and re-emit at higher frequencies through second 
harmonic generation. These NLODs have been successfully synthesised by Fang and are 
shown to demonstrate reliable performance (figure 1.21) [96].
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Figure 1.21 synthesis of a NLO CE monomer [96].
1.8.7 Electrical insulation o f magnets
Insulation of magnets is an important application in many fields; from physics research to 
medical devices and epoxy based resins have long been successful. However, with the 
increasing magnet performance required for new and improved applications, new materials 
are required that are able to withstand exposure to increasing levels of radiation and 
extremes of temperature [98].
Following the construction of MAST (Mega Amp Spherical Tokamak) and with the 
construction of ITER (International Thermonuclear Experimental Reactor) well underway 
in Southern France, the requirement for new materials as insulation devices is immediate. 
ITER will be the world’s largest nuclear fusion reactor, aiming to produce 500 MW of 
fusion power, which is ten times the quantity of energy required to form the 1.5x10^ °C ball 
of plasma. The expected success of ITER will be expanded on by the development of
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DEMO (DEMOnstration power plant), the first fusion powered reactor that will generate 
electrical energy [99].
The theoretical exposure of the ITER Toroidal field (Tf) coils to neutron fluences is IxIO^^ 
N m'^ to which cyanate ester resins have shown excellent performance even with 20:80 
blends (CE/Epoxy)[100]. With future exposure to even higher levels of radiation at DEMO, 
recent investigations have shown that following exposure to around four times the radiation 
experienced by the ITER Tf coils, 4x10^^ N m'^, cyanate ester blends still show excellent 
mechanical properties with blends between 20% and 40% CE [101]. Cyanate ester resins 
have even been shown to meet performance requirements after exposure to 100 MGy, 
which is more than ten times the anticipated radiation exposure for ITER Tf coils. With the 
most cost effective CE/epoxy blends (20:80) able to withstand the anticipated 10 MGy. 
[102].
Aside from the retention of mechanical properties following high levels of radiation 
exposure, cyanate esters display other characteristics that befit their use in superconducting 
magnets. Most notably, their long pot-life, their ease of low temperature processing and 
their excellent adhesive properties [98]. The pot life has been investigated by Hemmi et al. 
who measured the viscosity of cyanate ester resin CTD-403, compared to epoxy resin CTD- 
10 IK, at 308K 328K 33 8K as a function of time. This confirmed earlier work by Hooker et 
al. with a pot life of ca. 120 hours at 338K and exposure to lower temperatures enabling a 
pot life to exceed 200 hours [98, 103]. The adhesive properties exhibited by cyanate esters 
make them an ideal choice as insulators of superconducting magnets. Adhesion to Kapton® 
was investigated by Hooker et al. who found good adhesion showing that industrial 
manufacture of cyanate ester impregnated and cured Tf coils is possible [98].
Cyanate esters have proved to be highly applicable in many areas of scientific and 
technological development since their inception several decades ago. From taking a 
foothold in the application of microelectronics, the database of research has been expanded 
upon lending it to more recent developments of use in aerospace composites and most 
recently insulators for superconducting magnets. The excellent properties that are 
idiosyncratic to cyanate esters are the basis for their development to become materials of 
choice in numerous applications. With improvements in these already excellent properties 
the possibilities for future applications are numerous and widespread.
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1.9 Targets for this research project
The agreed seope for this project is to improve on the already high performance properties 
of cyanate ester polymers through blending. This generalised statement of intent gives a 
degree of flexibility within the research project enabling the investigation of interesting 
results as they occur rather than being restricted by a rigorous project outline. That being 
said, there is a generalised guideline to the project to ensure the research develops the 
original statement of intent of improving performance of cyanate esters through blending.
Initially, blends between Bisphenol A dicyanate (BADCy), Bisphenol E dicyanate (LECy), 
and PT-30 will be investigated as binary systems. Following investigation of binary cyanate 
ester blends there will be further research on blends to include those between eyanates and 
other high performance polymers, including bismaleimides. There will be an emphasis on 
improvements in moisture uptake properties, effects from acid/base and improvements in 
thermo/mechanical performance sought through the blending work. Not only this, but it is 
hoped that this research may shed some light onto the reaction mechanism between cyanate 
esters and bismaleimides which has been subject to a number of different hypotheses, none 
of which have been conclusive.
Throughout the research project computational modelling will be used as a tool to further 
investigate the polymeric blends. The production and simulation of large molecular models 
of the novel blends is a central feature of this research programme, which should yield an 
insight into the properties of the novel blends enabling comparisons to be made between the 
simulated and experimental data. If the models produced conform well to experimental data 
then it is anticipated that the models will be adapted to fit other polymeric systems.
At this point there is no confirmed application for the research, however, following results 
of the investigation, applications will be considered based on the results obtained and 
properties improved upon.
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2. Experimental
2.1 Materials
Bisphenol A dicyanate - 2,2-Z)/5(4-cyanatophenyl)isopropylidine (1) Obtained from Lonza 
AG (Visp, Switzerland) (purity >99%).
Bisphenol E dicyanate - l,l-Z)w(4-dicyanatophenyl)ethane. (2) Obtained from Lonza AG 
(Visp, Switzerland) (purity 99%).
Oligomeric phenolic cyanate (average value of n =1) (3) Obtained from Lonza AG (Visp, 
Switzerland) (purity 99%).
Oligomeric phenolic cyanate (average value of n =3) (3) Obtained from Lonza AG (Visp, 
Switzerland) (purity 99%).
DDM BMI (4) obtained from Aldrich (purity 95%)
Cu^(acac)2 (5) obtained from Aldrich (purity 95%)
Dodecylphenol (CisHsoO) (6) obtained from Aldrich.
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Figure 2.1 Monomer structures studied in this work
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Figure 2.2 Catalyst components used in this investigation
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2.2 Techniques and Instrumentation 
Polymerisation
The polymerisation of the Mitsubishi obtained BT resin systems followed a cure schedule 
of 1 hour at 160 °C, 3 hours at 200 °C, 1 hour at 260 °C (post cure) in aluminium pans in a 
standard oven with digital thermal control. No additional sample preparation was necessary. 
Polymerisation of the synthetic analogue to the Mitsubishi produced BT2110, termed 
BT2110^, involved melting the BADCy and dispersing the DDM BMI monomer through 
the resin with use of a magnetic stirrer. At which point the solvent matrix was added to the 
system and the mixture then subjected to the same cure schedule as the Mitsubishi produced 
resins.
Freeze drying
Samples were frozen prior to freeze drying for 2-3 hours in a conventional freezer at - 
20 °C. Freeze drying was conducted for 24-72 hours at -61 °C and at 6 mbar. Following 
freeze drying samples were sealed and placed in refrigeration for storage prior to analysis
Rotary evaporation
Samples were placed on a rotary evaporator at 60 RPM for a minimum of 6hours at 4mbar 
and 80 °C. The solvent was then collected from the sample and isolated in pyrex sample 
bottles which were then placed in refrigeration for storage prior to analysis.
IR spectroscopy
Experiments were conducted on a Perkin Elmer System 2000 FT-IR, 32 scans between 
4000-400 cm'  ^ wavenumbers, using the associated software with either KBr disk or ATR. 
Prior to sample scan, 32 background scans were undertaken between 4000-400 cm'^ to 
reduce false positive results obtained in sample scan.
Raman spectroscopy
Experiments were conducted on a Perkin Elmer System 2000 NIR FT-RAMAN, 32 scans at 
4000-400 cm'  ^ Ramanshift with a resolution of 4 cm'^ and interval of 1 cm'^ using 
associated software. Prior to sample scans the instrument was manually calibrated with a 
sulphur standard. To ensure the sample was in prime position in relation to the laser beam 
path, the characteristic sulphur signal of 216.92 cm'^ at 10 mW was optimised by adjusting
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the X , y and z axis of the sample holder. The scans were generally conducted at 710 mW 
with the sample either contained within quartz cuvette or directly clamped to the plate for 
laser beam scan. Raman spectra were obtained using a Perkin-Elmer system 2000 FT-NIR- 
Raman spectrometer operating at 250-800 mW (Nd-YAG laser.) For each measurement, 32 
spectra were obtained at a resolution of 4 cm'^ and co-added to produce the final spectrum.
NMR spectroscopv
NMR spectra comprising of 16 scans, conducted on a Bruker 500 MHz nuclear 
magnetic resonance (NMR) spectrometer at room temperature using CDCb as a solvent and 
tetramethylsilane (TMS) as an internal standard. NMR spectra comprising of 512 scans, 
conducted on a Bruker 125 MHz nuclear magnetic resonance (NMR) spectrometer at room 
temperature using CDCb as a solvent and tetramethylsilane (TMS) as an internal standard.
TGA
Experiments conducted on TA Instruments TGA Q500 apparatus. The samples (ca. 7 mg) 
were run on a heating ramp from RT to 800 °C at 10 °C/min in either air or N2 (40 
cm^/min). Prior to running the sample the Pt pan was cleaned of debris, heated and left to 
cool. It was then placed in the pan holder and the balance mass tared. The sample was then 
weighed out and the Pt pan with sample returned to the autosampler. It was then run for 78 
mins and left to cool to <30 °C for a further hour prior to running further samples. Data was 
analysed through TA Universal Analysis software. The thermal degradation temperature 
was taken as the onset temperature at which a weight loss of 5 wt% occurred.
DSC
Experiments were performed on TA Instruments QIOOO apparatus were under nitrogen 
atmosphere. The samples (ca. 5-6 mg) were placed in a hermetic pan with the lid crimped 
shut to ensure containment of sample during analysis. If solvated, a pinhole was introduced 
to the lid of the hermetic pan to allow the escape of solvent and prevent the pan splitting. 
Samples were entered into an autosampler and compared against a reference of known 
mass. The samples were cycled through heating, cooling and then heating from 20 °C to 
380 °C at a standard heating rate of 10 °C/min. (kinetic analysis also required heating rates 
of 5 °C, 15 °C and 20 °C.) The Tg temperature was taken as the midpoint of the capacity 
change (the midpoint of phase change from a glass to a fluid).
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DMTA
Dynamic mechanical thermal analysis (DMTA) was conducted on TA instruments Q800 
apparatus in an air atmosphere. The cured specimens were cut to dimensions {ca.3 x 5 x 17 
mm^) and mounted into a single cantilever clamp for analysis. Samples were heated at 
3K/min from 20 °C to 390 °C under 0.1% strain and a clamp oscillation frequency of 1 Hz. 
The Tg temperature was taken as the midpoint of the capacity change.
Relative humiditv investigation
The humid environment was created by introducing NaCl (200 g) in distilled H2O (60 ml) 
held in the base of an air tight, glass container which was kept at room temperature. This 
has been proven to produce an environment of 75.3% relative humidity [104, 105]. The 
samples, cut to dimensions {ca. 3 x 5 x 17 mm^) and dried in vacuo to constant weight, 
were held over the NaCl/H20 solution on a porous membrane without coming into direct 
contact with the solution. The samples were therefore exposed to the humidity without 
being directly immersed. Samples were weighed prior to and at regular intervals during 
experimentation.
Direct immersion investigation
Samples, cut to DMTA dimensions {ca. 3 x 5 x 1 7  mm^) and dried in vacuo to constant 
weight, were immersed in 100ml distilled H2O at 20°C. Samples were weighed and 
photographed prior to and at regular intervals during experimentation.
Acid/Base investgiation
Samples, cut to DMTA dimensions {ca. 3 x 5 x 1 7  mm^) and dried in vacuo to constant 
weight, were immersed in 10% H2SO4 (100ml) and 10% NaOH (100ml) at 20 °C. Samples 
were weighed and photographed prior to immersion and at regular intervals during 
experimentation.
Computational instrumentation
Modelling was performed using Materials Studio v. 6.0.0 (Accelrys, 2011) or MOE on a 
Dell PC (Optiplex 790, Inter Core 17-2600 3.40 GHz, 4.00 GB RAM, 250 GB HDD).
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Materials Studio molecular modelling methodology
Potential energies were calculated using the Polymer Consistent Force Field (PCFF.) When 
modelling blends of PT30, the Legacy module within Materials Studio was used to 
construct an amorphous cell with 49 PT30 oligomers (n = 1) with corresponding numbers 
of either 2,2-6/^(4-cyanatophenyl)propane or 1,1 -6z^(4-dicyanatophenyl)ethane monomers 
to make up the correct stoichiometry of the blend. The distribution of ortho- and para- 
substituted phenyl rings was chosen to mimic previous empirical ^^ C NMR studies: ortho­
ortho (22%), ortho-para (56%), and para-para (22%) substitutions. The target density for 
the cell was set at 1.25g/cm'^, consistent with technical data sheets [106].
The resulting amorphous cell comprised between 3580-6224 atoms. The cyanate groups 
were bonded manually to form 1,3,5-triazine rings and a minimization of 500 iterations 
was carried out to relieve the strain using the Discover minimization module to a 
convergence of 1000 kcal mol'^A'b A Conjugate Gradient algorithm was carried out to a 
convergence of 100 kcal mol'^Â'b Bonds were reacted through the faces of the unit cell to 
neighbouring periodic boxes to simulate an infinite 3-d cross-linked network. A total of 
138 out of the 147 functional groups were co-reacted, corresponding to a monomer 
conversion of 94 %, which is characteristic for this type of polymer. After the final 
cyclotrimerization the system was submitted to a final minimization of 10,000 iterations.
Equilibration was a 10 ps MD simulation (25 °C) using the Discover single run option. The 
NPT ensemble with a time step of 1 fs was utilized with the Anderson thermostat in 
combination with the Berendsen Barostat. PCFF was used with the atomic van der Waals 
summation, a cut-off of 10.00 Â, a spline width of 3.00 Â and a buffer width of 1.00 Â. 
The system was subjected to a second 10 ps MD simulation at 500 °C using the same 
parameters as above to equilibrate the system for the upper temperature of the temperature 
ramped MD simulations (the latter were performed using the Temperature Cycle option in 
the Legacy Protocols module). 51 MD simulations were run between 500 °C and 0 °C in 
decrements of 10 K; at each temperature stage a 125 ps MD simulation was carried out. 
The first 25 ps of each simulation were used to equilibrate the system and the subsequent 
100 ps simulation was used to record the results. A plot of calculated cell density was 
plotted against simulation temperature to determine both the Tg and the degradation onset 
temperature.
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Molecular Operating Environment (MOE) techniques
Molecules produced in Materials Studio were directly imported to MOE software and 
minimised through an MMFF94x forcefield [107]. These minimised molecules then had 
specific physical and chemical properties calculated through QSAR/QSPR (Quantitative 
Structure Activity/Property Relationships) to yield information that enables the prediction 
of an unknown variable through multi linear regression.
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3. Novel Cyanate Ester Binary Blends
3.1 Background and previous work
Following the curing of homopolymers of cyanate esters and the knowledge gained of their 
chemical properties, effects of manipulation of cure cycle and concentration of initiator. It 
was felt that the logical progression would be to begin blending studies of binary systems of 
the cyanate esters.
There have been very few published investigations into the blending of binary cyanate 
blends and as such it was felt that there is a need for further exploration into the blending 
between cyanate monomers. When one considers the differences in properties held by 
cyanate monomers and homopolymers including state, viscosity, density, glass transition 
and modulus to name but a few, there is clearly scope for investigating blends that exhibit 
properties that bridge the gap between the known homopolymers.
The materials 1,1 -6/^(4-dicyanatophenyl)ethane and an oligomeric phenolic cyanate were 
investigated by Koh et al. who concluded that the use of l,l-Z>w(4-dicyanatophenyl)ethane 
imparted an improvement in processability whilst the inclusion of the oligomeric phenolic 
cyanate resulted in better thermo-mechanical characteristics [86]. More recent work by 
Mabry et al. focussed on the eyanates 2,2-Z>w(4-cyanatophenyl)isopropylidine, a silicon 
containing cyanate, analogous to 2,2-6^(4-cyanatophenyl)isopropylidine, l,l-bis{4- 
dicyanatophenyl)ethane and racemic l,3,5-/rw(l-(4-cyanatophenyl)ethyl)benzene. In this 
study the effect of blend composition on thermo-mechanical properties was investigated, as 
was the effect of moisture absorption into the cured blends and its subsequent effect on 
properties [108].
The latter investigation concerning moisture absorption by the cured cyanate polymers is of 
particular significance to industry as this is where cyanate ester polymers have failed in the 
past. Carbamate formation in the cured resins when subject to hot/wet environments can 
result in the blistering of the materials, this would therefore have a detrimental effect on the 
application they are to be used for, most notably applications such as printed circuit boards 
and aerospace composites. It has been shown that cyanate esters exhibit Fickian style 
diffusion initially when exposed to high levels of moisture, with a second phase of
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hydrolysis and void formation through carbamate impurities being formed after the initial 
swelling stage with diffusion coefficients between 1.2-3.03x10'^ mm^/h [40].
To enable the continued progress of technology, high performance polymers are crucial. 
Cyanate esters exhibit excellent thermo-mechanical properties, low dielectric constants and 
moisture absorption that can enable continued development of computational power and 
aerospace technologies. However, their reliability in hot/wet environments must be 
improved upon if they are to become the material of choice for industry.
The stoichiometry of blends of monomers 1-2, 3-1 and 3-2 ranged from 50:50 through to 
the predominance of monomers 1 and 3 respectively in ratios of 60:40, 70:30, 80:20, and 
finally 90:10. These blends were initially subject to analysis through non-destructive 
spectroscopic techniques, namely FT-IR and Raman spectroscopy with the cured samples 
then analysed for their thermal and mechanical properties through the destructive 
techniques of TGA, DSC and DMA. Upon building a database of thermal and mechanical 
properties for these blends the blends were then investigated for the impact of extreme 
environments on the thermal and mechanical properties. This involved exposing the blends 
to elevated humidity, immersion testing in water/H2S04/Na0H and accelerated moisture 
testing through direct immersion in boiling water (ca. 100°C) assessing the effect of 
extreme environments on novel polymeric blends. This will be covered in chapter 4.
3.1.1 Nonylphenol
Nonylphenol has been known to have harmful consequences concerning exposure for some 
years. Over the last thirty years the body of evidence suggesting the role in which 
nonylphenol is hazardous has been growing. It has been found that nonylphenol is a 
carcinogen, in that it promotes tumour cell proliferation [87]. It also mimics the 17(3- 
oestradiol hormone and competes for the binding site of the natural hormone. Therefore not 
only is nonylphenol a carcinogen but it is also an endocrine disruptor [109]. Because of the 
widespread use of nonylphenol and the risks posed from the substance, European 
governments have looked to phase out the use of nonylphenol and where possible seek safer 
alternatives [110].
In line with reducing the risk potential, it was decided that the catalyst should be suspended 
in dodecylphenol as opposed to nonylphenol.
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Table 3.1 Designation of monomers and blends examined in this work
Sample Designation
Cyanate Ester
(1) (2) (3)
(1) 100 0 0
(2) 0 100 0
(3) 0 0 100
(1)50(2)50 50 50 0
(1)60(2)40 60 40 0
(1)70(2)30 70 30 0
(1 )8 o(2)20 80 20 0
(1)90(2)10 90 10 0
(3 )50(1)50 50 0 50
(3)60(1)40 40 0 60
(3 )70(1)30 30 0 70
( 3 ) so(1)20 20 0 80
(3 )90(1)10 10 0 90
(3 )50(2)50 0 50 50
(3 )6 o(2)40 0 40 60
(3 )70(2)30 0 30 70
( 3 ) so(2 )2 o 0 20 80
(3 )9 o( 2 ) io 0 10 90
N.B. eured blends are denoted by the use of square braekets to differentiate them from the 
eorresponding monomer blend i.e. monomer blend ( l ) 9o(2 )io beeomes polyeyanurate 
[ (1)90(2 ) 10] following eure.
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3.2 Results and Discussion
The binary blends of the cyanate esters studied in this project have been subject to several 
forms of analysis using both non-destruetive and destructive techniques. The spectroscopic 
techniques of Raman and infra-red analysis shed light on the chemical structure of the cured 
sample and also the degree and mechanism of eure. The thermo-meehanieal techniques of 
TGA, DSC and DMA give an insight into the thermo-meehanieal properties held by the 
binary blends. These techniques combined provide a unique and fairly comprehensive 
insight into the main properties and can be compared and contrasted with known data for 
the homopolymers.
3.2.1 Infra-red Spectroscopy
The non-destruetive technique of infra-red spectroscopy is a comer stone of structural 
elucidation in chemistry. The infrared spectrum of a material is recorded by passing a beam 
of infrared eleetro-magnetie energy through the sample, and when the frequency of the IR 
energy is the same as the vibrational frequency of a bond, absorption occurs. This 
absorption is of a resonant frequency, i.e. the frequency of the absorbed radiation matches 
the frequency of the bond or group that vibrates. The energies are determined by the shape 
of the molecular potential energy surfaces, the masses of the atoms, and the 
associated vibronic coupling. Examination of the transmitted energy reveals how much 
energy was absorbed at each wavelength. This is done through the coupling of a Fourier 
transform (FT) instrument to the infra-red instrument enabling all wavelengths to be 
measured simultaneously. The Fourier transform is essentially a mathematical operation 
that decodes a complex signal into its fundamental parts. So the Fourier transform coupled 
to the infra-red spectrometer essentially decodes all the wavelength signals, the time from 
start to finish and the amplitude of each constituent signal to give rise to the classic IR 
spectra.
In order for a vibrational mode in a molecule to be "IR active," it must be associated with 
changes in the permanent dipole. A molecule can vibrate in many ways, and each way is 
called a vibrational mode. For molecules with N atoms in them, linear molecules have 3N -  
5 degrees of vibrational modes, whereas nonlinear molecules have 3N -  6 degrees of 
vibrational modes (also called vibrational degrees of freedom). As an example H2O, a non­
linear molecule, will have 3 x 3 - 6  = 3 degrees of vibrational freedom, or modes. Simple
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diatomic molecules have only one bond and only one vibrational band. If the molecule is 
symmetrical, e.g. N2, the band is not observed in the IR spectrum, but only in the Raman 
spectrum. Unsymmetrieal diatomic molecules, e.g. CO, absorb in the IR spectrum. More 
complex molecules have many bonds, and their vibrational spectra are correspondingly 
more complex, i.e. large, complex molecules have many peaks in their IR spectra.
A useful way of analysing solid samples without the need for cutting uses ATR (attenuated 
total reflectance spectroscopy). Using this approach, samples are pressed against the face of 
a single crystal. The infrared radiation passes through the crystal and only interacts with the 
sample at the interface between the two materials.
The physical state of the material being analysed through vibrational spectrometry can 
impact on the data produced. For the dieyanate of bisphenol A it has been demonstrated that 
the crystalline solid has a primitive monoclinic crystal structure at room temperature, with a 
melting point of 85 °C [111]. It has been shown that bisphenol A dieyanate as a 
supercooled melt will give an increased ratio of aliphatic C-H stretch compared to C=N 
absorption due to the differences in the vibrational modes of crystalline material versus 
non-erystalline material [2 ].
Figure 3.1. Monoclinic crystal structure
A monoclinie crystal structure is described as a rectangular prism with two pairs of vectors 
parallel and one pair making an angle other than 90°.
a 9^90° p,y = 90°
Equation 3.1. Angles of vectors in a primitive monoclinie crystal structure
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The characteristic band for cyanate esters is the peak found between 2280-2000 cm'  ^ which 
corresponds to the 0-C=N stretching vibrational mode [112]. This band is normally split 
into two or more discrete bands with the origin of splitting not well understood [2]. Another 
distinct peak is that of the C-O-C asymmetric stretch found between 1150-1240 em'k These 
two peaks alone enable the discrimination between cyanate and isocyanate when 
considering structural elucidation [44, 113]. Figures 3.2-B.4 are infra-red spectra showing 
the IR active components present within the cyanate ester monomers. As hypothesised there 
is a distinct doublet around 2280cm"  ^ which is the characteristic peak for cyanate esters. 
The high intensity of this peak is marked demonstrating clear monomeric form.
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Figure 3.2 FT-IR spectrum of BADCy monomer
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Spectra of cured materials (Figures 3.5-3.7) demonstrate a lack of this signal and thus 
suggest a cured network.
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Figure 3.7 FT-IR spectrum comparing PT30 BADCy blends
4 7
The distinet doublet eentred around 2280cm'^ wavenumbers representing the 0-C=N 
stretching vibrational mode present in all IR monomerie spectra (Figures 3.2-3.4) is clearly 
absent in the spectra of the cured materials (Figures 3.5-3.7). Equally, there is a 
corresponding growth in C=C and C=N stretching frequencies corresponding to the 
formation of triazine rings in the polymer network. To validate this observation, further 
spectral investigation was performed through Raman spectroscopy which yields additional 
complimentary information.
Table 3.2 Assignment of infrared speetra [112]
Wavenumber (cm'^) Assignment
3100-2960 C-H stretch (aromatic)
2300-2000 0-C=N doublet
1600-1300 C=C; C=N ring stretehes
1150-1240 C-O-C asymmetric stretch
1100-1000 C-O-C symmetric stretch
850-750 C-H out of plane stretch (aromatic)
3.2.2 Raman Spectroscopy
Raman spectroseopy is a teehnique that is complementary to that of infra-red in which 
structural and mechanistic information can be inferred from the data produeed. The main 
differences between infra-red and Raman spectroscopic techniques is that Raman analysis 
concerns the excitation to virtual energy states rather than the infra-red technique of 
excitation to known vibrational energy states. Secondly, Raman spectroscopy involves a 
change in molecular polarisability, enabling the analysis of symmetrieal moleeules with no 
distinct dipoles such as N2 which would remain undetected through infra-red spectroscopy.
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Figure 3.8. Diagram of vibrational and virtual energy levels
Limitations of the technique include the requirement of the moleeule to be Raman active, 
that the majority of the absorptions will be through elastic scattering resulting in no change 
energy of the emitted photon, poor analysis of samples that absorb strongly in the N-IR 
region, such as polycyclic aromatics (PT30/60) due to Raman analysis not eliminating the 
fluoreseence of the sample. Also when running kinetic analysis at elevated temperatures 
(>150 °C) the thermal emission from the sample beeomes greater in intensity than the 
Raman signal itself resulting in a saturated detector and as a result saturated spectra [114].
All the cyanate ester monomers/oligomers were analysed through Raman spectroseopy to 
better clarify and understand structural differences between the uncured and cured samples. 
As well as giving an insight into the molecular environment of these systems it also 
demonstrated the purity of the materials prior to curing.
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Figure 3.11 Raman spectrum of PT30 oligomer
Following the analysis of the monomeric materials, analysis of the binary blends of the 
eyanates was performed. Each blend was cured with the same eure schedule of 150 °C for 1 
hour, 200 °C for 3 hours and a post cure of 260 °C for one hour with 200 ppm Cu(acac)2  
present as an initiating species. Each blend was analysed individually, however the spectra 
are compiled into single graphs to allow comparison between identical blends with varying 
stoichiometry.
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Figure 3.13 Raman spectrum comparing PT30 BADCy blends
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Figure 3.14 Raman spectrum comparing PT30 LECy blends
The cured blends all show a change in molecular structure from the uncured monomers. 
There is a clear reduction in the 0-C=N stretch found between 2300 cm"' and 2000 cm’' 
when comparing uncured to cured materials. Equally, there is an increase in the band 
around 1000 cm ' which suggests an increase in triazine formation within the sample, as 
one would expect with the cured material. This spectral evidence agrees with the data 
produced through the infra-red investigation.
3.2.3 Kinetic Raman Analysis
To give an even greater insight into the change of molecular structure within the material 
throughout cure, kinetic Raman analyses were performed. The kinetic analysis of 
homopolymers and blends involved heating the sample through a standard cure schedule 
(ramping to 150 °C and held isothermally for one hour followed by ramping to 200 °C and 
held isothermally for three hours.) with spectra being taken throughout at regular intervals 
monitoring the cure process.
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The kinetic analyses should yield results that enable the documentation of cure progression 
through a range of temperatures and how the molecular structure of the sample changes. 
When considering the rate and occurrence of these structural changes, it is possible to infer 
an evaluation of the overall mechanism of cure with its point of onset.
Although the in situ cure of the homopolymers and blends yielded very useful data, it was 
observed the thermal background emission of the sample saturated the higher energy region 
of the spectrum {ca. >3000em‘ )^ in all eases once the predicted ceiling of 150 °C had been 
surpassed [114]. This is a true limitation of the technique, when attempting to evaluate a 
system with relatively high eure temperature.
To ensure the reaction mechanism between these novel blends does indeed follow what had 
been hypothesised previously [115, 116], kinetic Raman spectroscopy was conducted to 
analyse the change in functional groups during the eure process. This teehnique involved 
producing speetra at regular intervals {ca. 5min) of the polymer blends during their standard 
cure schedule. This spectral series were then compiled in chronological order and the user 
can observe the change in peak heights and infer a chemical mechanism for the 
polymerisation. However, to remove the potential for observational error, the analysis for 
the kinetic technique was quantified through principal component analysis (PCA). PGA 
involves taking a set of observations and transforming them into linearly uneorrelated 
variables that explain the variance observed in the data through orthogonal transformation. 
The technique of PGA has been successfully applied to high performance polymers 
previously [117, 118] and was applied to this investigation.
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The comparison between the first and final speetra in the kinetic eure (Figure 3.16) allows 
for an inference on the structure of the cured network in comparison to the monomer. It is 
evident that the double signal found at ca. 2230 cm'  ^ and 2260 cm"' corresponding to the O- 
C=N group, diminishes. This coincides with the signal at ca. 1000 cm'  ^ increasing through 
the cure (see Table 3.3 for full dataset.) This is expected, with the hypothesised triazine 
network formation from cyclotrimerisation of cyanate groups resulting in the spectral 
changes seen [119].
The significance of utilising chemometrics in the form of PCA to track the reaction 
mechanism is best visualised in Figures 3.17 and 3.18. These figures demonstrate that 96% 
of the structural changes can be explained by a single component (Figure 3.17) and how 
after the 19* spectra (55 mins at 150 °C) the reaction mechanism changes in some way 
(Figure 3.18) as evidenced by an inversion of the gradient of the line at spectral point 19.
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Figure 3.17 Explained variance of principal components (PC’s) of cure of ( 1)50(2)50
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To summarise the main spectral signals found in both monomeric and polymeric materials 
they are tabulated in Table 3.3.
Table 3.3 Presence of charaeteristic vibrational modes
Wavenumber (cm )^ Assignment Uncured Cured
3100-2960 C-H stretch (aromatic) / y
2300-2000 0-C=N doublet y -
1600-1300 C=C stretch y y
1150-1240 C-O-C asymmetric stretch y y
1100-1000 C-O-C symmetric stretch y y
1000 Triazine ring N, radial - y
800-865 C-N aromatic stretch - y
850-750 C-H out of plane stretch (aromatic) y y
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3.2.4 Dynamic Scanning Calorimetry
To continue the investigation of the polymerisation process the blends were subjected to 
thermal analysis in the form of dynamic scanning calorimetry (DSC.) This technique 
involves subjecting a sample and a known reference material to a linear temperature 
program and measuring the energy difference (heat flow -  W/g) required to achieve 
identical temperatures between reference and sample. This produces thermal data 
concerning both the polymerisation process and the properties of the cured polymer as 
polymerisation is an exothermic process whilst the glass transition is an endothermie 
transition.
The exotherms of polymerisation were analysed for all homopolymers and blends through 
subjecting the materials to a heating ramp from 20 °C to 380 °C at lOK/min under N2. This 
produced thermograms (Figure 3.19) from which the onset, peak, end and enthalpy of 
polymerisation can be determined. In isolation these data are useful for a quick analyses of 
any materials produced, however, when attempting to draw trends for families of materials 
or attempting to understand the influence of different monomeric constituents it is useful to 
learn the kinetics of the reaction through analysing varying heating rates.
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Figure 3.19 DSC plot of binary blend illustrating thermal data of polymerisation
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Investigations were undertaken into the effeet of heating rate yielding data on how heating 
rate directly effects the cure of the material. From analysing the polymerisation through 
DSC for a range of heating rates it is also possible to investigate the kinetics of the reaction 
mechanism.
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Figure 3.20 DSC plot of binary blend subjected to various heating rates
It has been demonstrated in Figures 3.20 and 3.21 that the heating rate affects the onset of 
polymerisation and the overall energy of the polymerisation process, with faster heating 
rates resulting in an increased temperature for onset of polymerisation, increased enthalpies 
of polymerisation and predictably a retarded rate of conversion from monomer to polymer.
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Figure 3.21 Conversion analysis of binary blends subjeeted to various heating rates
The reaction rates of the polymerisation between binary eyanate ester blends have also been 
deduced through DSC analysis with faster heating rates resulting in greater rates of reaction 
(Figure 3.22)
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Figure 3.22 Reaction rate analyses of binary blends subjected to various heating rates
Through kinetic DSC analysis it is possible to deduce the activation energy of the 
polymerisation from an understanding of the exotherms produced during polymerisation. 
Specifically, knowledge of the heating rate and the Tmax of polymerisation is required for 
describing the activation energy.
Table 3.4 documents salient features of the polymerisation of ( 1)50(2)50  found through 
various heating rates utilising DSC instrumentation required for analysis of activation 
energy.
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Table 3.4 Kinetic DSC data for (1)50(2)50 blend
p
Heating
rate
(K/min)
Tmax
CC)
Tmax
(K)
Exotherm
(J/g) 1/Tmax (K'l) Tmax^ Ln(p/Tmax^) Lnp
5 184 458 654.5 0.0022 209361.2 -10.64 1.61
10 204 477 645.3 0.0021 227214.3 -10.03 2.30
15 212 486 631.6 0.0021 235826^ -&66 2.70
20 217 490 658.9 0.0020 239806.1 -9.39 2^9
Through equations 3.2 and 3.3 it is possible to deduce activation energy {Ed) through the 
gradient of the graph {m) utilising both Kissinger and Ozawa methods. [120, 121]
—Ea
m  = R
Equation 3.2 Kissinger method for calculating activation energy
(Ea\
m  = —1.052 X f — j  
Equation 3.3 Ozawa method for calculating activation energy
Through the rearrangement of equations 3.2 and 3.3 it is possible to calculate the activation 
energy of the polymerisation. This gives further information on the polymerisation process 
through quantitative analysis, enabling definite conclusions on which reactions are more 
favourable.
Equations 3.4 and 3.5 describe routes to attain values for A -  the pre-exponential factor 
used to calculate the rate constant k. This calculation is described in equation 3.6.
In
Ea- J — \ =  I n f i l l ) -
T'max )   ^ / R X
Equation 3.4 Kissinger method
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\np  = Constant — 1.052 x
Ea
R X T r ,
Equation 3.5 Ozawa method
Equation 3.6 Calculation of rate constant (k)
Table 3.5 documents data regarding the activation energies, and reaction rates for a series of 
binary cyanate blends and the error value attributed to them. This error value is derived 
from graphical data (example shown in Figure 3.23) where deviation from a linear 
expression results in error and as such an value of 1 would equal complete accuracy.
Table 3.5 Activation energies of selected binary cyanate ester blends
Blend Activation Energy 
(kJ/mol)
RMSE Reaction Rate (s‘^ )
Kissinger Ozawa Kissinger Ozawa
(1)50-(2)50 63.77 68.08 1.79 1.80 0.175
(3)50-(1)50 100.27 104.54 0.01 0.01 0.188
(3)50-(2)50 101.83 106.08 0.01 0.01 0.189
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Figure 3.23 Kissinger and Ozawa kinetic analyses of (1)50(2)50
The overall reaction rate for the three blends is fairly similar, especially when one considers 
the error value in (1)50(2 )50. This suggests that the mode and rate of reaction is similar in all 
eases regardless of blend constituent. There is a clear trend when analysing the three blends 
that incorporation of PT30 into the blend results in an increase in the activation energy of 
the polymerisation. This means that for the polymerisation of blends containing PT30 to 
take place extra energy must be applied to initiate the reaction. To reduce this activation 
energy a catalyst can be used and the effect of concentration of catalyst was investigated 
with uncured monomers and blends as demonstrated in Figure 3.24.
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Figure 3.24 DSC plot of monomer subjected to various concentrations of catalyst
It has been observed that an increase in concentration of catalysis both reduces the enthalpy 
of polymerisation and its point of onset (Figure 3.24.) The phenomena observed in 
polymerisation of the eyanate ester blends are expected ones as they agree with theories 
including thermal lag and catalysis concentration has a direct impact on conversion rates.
When analysing the cured polymers interesting results were found, in that a lower 
concentration of catalyst can produce a higher glass transition temperature (Figure 3.25.) 
This observation was made through a procedure involving a three cycle programme of 
heating, cooling and heating where the glass transition was produced in the second heat. 
This observation may be of significance to industry when attempting to produce 
homogenous, low temperature eure materials with high glass transition temperatures.
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Figure 3.25 DSC plot of LECy with various degrees of catalysis
The polymerisation of all homopolymers and blends analysed through DSC are summarised 
in table 3.6.
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Table 3.6 DSC data for binary cyanate ester blends
Sample Tgi(°C) Top(°C) Tp(°C) Tep(°C) AHp(Jg-i)
(1) 82 106 185 346 527
(2) - 103 206 349 702
(3) - 72 210 319 511
(1)50(2)50 62 112 211 353 633
(1)60(2)40 62 102 180 346 636
(1)70(2)30 68 101 193 346 651
( 1 ) so(2 )20 70 100 179 346 582
(1)90(2)10 77 106 180 346 533
(3 )50(1)50 76 92 190 359 549
(3 )6 0 (1 )4 0 - 100 201 332 563
(3 )70(1)30 - 100 205 328 522
( 3 ) so(1 )20 - 100 215 326 491
(3 )90(1)10 - 100 211 322 470
(3 )50(2)50 - 89 189 352 635
(3 )60(2)40 - 91 207 327 525
(3 )70(2)30 - 100 213 322 533
(3)80(2)20 - 100 206 323 539
(3 )90(2)10 - 112 216 329 492
Tgi = melting transition o f  monomer determined using a heating rate o f 10 K  min^; Top 
Observed onset o f  polymerisation; Tp = Temperature o f exothermic peak maximum; Tep 
Observed end point ofpolymerisation; AHp = Enthalpy ofpolymerisation
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The DSC data for the binary blends illustrate a decrease in the enthalpy of polymerisation 
as concentration of PT30 increases within the blend.
There is also an interesting result concerning the data for the 9:1 molar ratio between PT30 
and LECy, and the 9:1 and 8:2 mixtures of PT30 and BADCy. The overall enthalpy of 
polymerisation for these blends is lower than either of the individual monomers to produce 
homopolymers. This suggests that the addition of either BADCy or LECy to PT30 in small 
quantities aids the proeessability of the resin system. This may be due to a possible 
solvating effect of the two bisphenol type moieties. LECy exists in liquid monomeric form, 
whereas BADCy becomes a molten state after heating to around 82 °C, a temperature lower 
than the onset of the polymerisation. This phenomenon of a liquid monomer acting as a 
solvating agent is also observed between the blends of BADCy and LECy where the 
melting temperature of BADCy is reduced with incorporation of LECy. Upon further 
addition of larger quantities of LECy the melting point continues to decrease with 
increasing LECy content.
It was possible to make observations regarding the polymerisation of binary blends through 
DSC analysis without much difficulty. However, analysis of cured materials, in particular 
of blends containing PT30, was more problematic due to the high glass transition (literature 
400 °C [106]) of the phenolic exceeding the instruments’ calibration temperature. As such, 
no Tg results were obtained for cured blends containing PT30 through DSC 
instrumentation, although it was possible to obtain Tg information through the use of 
DMTA instrumentation. Again, blends containing high quantities of PT30 were unable to 
be analysed for a glass transition temperature due to their thermal stabilities exceeding 
instrument calibration limits.
5.2.5. Dynamic Mechanical Thermal Analysis
The binary blends were subject to thermo-mechanical analysis through the technique of 
dynamic mechanical thermal analysis (DMTA.) The data produced gave information 
regarding the storage and loss modulus as well as the tan Ô, glass transition and cross link 
density. The technique was particularly useful for analysis of blends containing PT30, 
where DSC had failed to yield any clear results over Tg.
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Dynamic mechanical thermal analysis involves subjecting a material to both thermal and 
mechanical stress. The technique requires clamping a cured material in a cantilever which 
oscillates at a set frequency and force whilst the temperature of the chamber, and thus the 
material, is increased at a constant heating rate. The sinusoidal stress applied to the material 
results in a measureable strain with a phase lag that gives information regarding the 
viscoelasticity of the polymer.
A typical DMTA trace is shown in Figure 3.26 where the change in modulus of the material 
as a function of temperature is observed. From this the storage modulus, loss modulus and 
tan delta values can be obtained. The storage modulus is the direct elastic response to stress, 
the loss modulus refers to the dissipation of heat and the tan delta describes the angle of 
phase lag between stress and strain.
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Figure 3.26 DMTA data for [(1)50(2 )50]
69
Table 3.7. DMTA data on binary cyanate blends
Sample Loss Modulus maxima (°C) Tan Delta maxima (°C)
[( 1)50(2 )50] 241 288
[(1)6o(2)4o] 254 296
[(1)70(2 )30] 255 293
[(1)so(2)2o] 250 291
[(1)90(2 ) 10] 258 287
[(3 )50(1)50] 318 347
[(3)6o(1)4o] 317 342
[(3 )70( 1)30] n/a n/a
[(3)8o(1)2o] 325 n/a
[(3)9o(1)io] n/a n/a
[(3 )50(2 )50] 306 337
[(3)6o(2)4o] 306 330
[(3 )70(2 )30] 309 332
[(3)8o(2)2o] 303 331
[(3)9o(2)io] n/a n/a
n/a = not available. (All Tg measurements +/- 5 °C)
There were four blends for which insufficient data could be obtained to yield their glass 
transition temperatures when analysed through DMTA. These were the blends that had a 
higher quantity of PT30 incorporated into the blended structure and should have provided 
Tg values closer to the PT30 homopolymer value (literature 400°C [106]). This is a 
limitation of the technique, in that the instrument is only calibrated up to 400 °C. These 
blends were tested up to 390 °C without yielding a value for a glass transition temperature. 
As such, in future testing, either the use of a higher temperature instrument head or indeed 
another analytical method should be sought to examine Tg in blends containing high 
quantities of PT30.
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Investigating the cross link density of polymers is a useful technique for understanding the 
molecular architectures present within the cured resin. Learning these physical architectures 
can give an insight into why certain properties are exhibited by the cured materials and can 
also act as a predictive tool for properties including thermo-mechanical performance and 
moisture uptake properties. The cross link density (v) for each polycyanurate was calculated 
from DMTA data using equation 3.7.
v = Ge/(pRTe
Equation 3.7
Where cp is 1, Ge is the storage modulus strictly from a sample at equilibrium, but is taken at 
Te, where Te = (Tg + 50 K) [122, 123].
This equation is technically most appropriate for lightly cross-linked materials so it should 
only be used as a comparison between similar materials rather than a ubiquitous equation 
for all polymers regardless of physico-chemical similarity. The crosslink density values are 
shown for the polycyanurates following polymerisation (Table 3.8) and examination of the 
data indicates that incorporation of three results in a marked increase in cross link density. 
This increase in cross link density is an explanation for the higher glass transition values 
and increased thermal stability observed for resins containing PT30. However, a high cross 
link density is also known to result in an increased brittleness as the material cannot flex in 
response to an introduction of stress.
With knowledge of the cross link density it is then possible to postulate the behaviour of the 
materials when exposed to moisture. A lower cross link density indicates that there is 
greater interstitial free volume within the cured material than a material with high cross link 
density. It is the size of the free volume that could determine the resins propensity to absorb 
water. One may think that a higher cross link density should result in lower amounts of 
water being absorbed by the material as there are physically more barriers for the water to 
bypass. However, this behaviour can also result in moisture absorbed through standard 
Fickian diffusion becoming entrapped within the resin unable to escape the complex 
architecture of the cured structure. Equally the reverse behaviour of a lightly cross linked 
material may be true. Although it may initially be easier for the H2O molecules to penetrate 
the cured material with few cross links, there are equally fewer physical barriers preventing 
the egress of any absorbed water. These hypotheses will be examined in Chapter 4.
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Table 3.8 Cross link density (v, *10^ mol cm'^) of polycyanurates determined from DMTA 
results.
Sample Cross link density (%10^ mol cm^)
Te Ge V
[(1)50(2 )50] 290.3 34.3 7.3
[(1)ôo(2)4o] 3018 2 5 2 5.3
[(1)70(2 )30] 303.8 29.1 6.1
[(1)so(2)2o] 300.1 2 0 8 6.3
[(1)9o(2)io] 307.6 18.5 3.8
[(3 )50( 1)50] 367.7 215.0 40.4
[(3)6o(1)4o] 366.7 301.7 56.7
[(3)8o(1)2o] 375.1 510.6 94.8
[(3 )50(2 )50] 356.8 284.2 54.3
[(3)6o(2)4o] 356.8 402.9 76.9
[(3 )70(2 )30] 3513 280.0 532
[(3)8o(2)2o] 353.5 449.9 86.4
N.B. values calculated from duplicate measurements, data not obtained for [(3 )70(1)30], 
[(3 )90(1)10], [(3 )90(2 )10].
With knowledge of the uncured polymers and glass transition of cured materials the final 
major thermal event to be investigated is that of degradation. This involved the technique of 
thermogravimetric analysis with all blends and homopolymers subject to experimentation.
72
3.2.6. Thermal degradation data
Thermogravimetric analysis (TGA) is generally a destructive technique used to ascertain 
thermal degradation data for a material. The material in question is subjected to a tailored 
heating programme under either N2 or static air. There is careful monitoring of the mass of 
the sample via a microbalancc through the heating programme to yield information on the 
decomposition of the material as a function of temperature. The onset of degradation, 
stability of the material and charred product, as well as a generalised understanding of how 
the degradation process proceeds is valuable information produced by this technique.
The environment, in which the sample is analysed, whether in N2 or air, makes a significant 
difference to the char products and the final yield of the material (Figure 3.27). It was 
decided that each binary cyanate blend was to be examined at the same heating rate of 
1 OK/m in from 20 °C to 800 °C in air. This standard procedure enables comparisons to be 
drawn between the binary blends and whether blend composition directly affects the 
degradation when compared to the homopolymers.
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Figure 3.27 TGA comparison of stability of [(1)50(2 )50] in N2 and air atmosphere
73
ûû
U)
'S
7
Weight
Derivative Weight
6
4
3
2
0
0 200 400 600 800
-4  0
- 2
i
gO
O
- 0
Temperature (°C)
Figure 3.28 TGA data of [(1)50(2 )50] in air atmosphere demonstrating two phase
degradation
The degradation profile of all the cyanate esters, whether as homopolymers or blends, 
followed a two stage degradation process. This is best visualised through analysing the 
derivative of the weight change percentage as a function of temperature (figure 3.28.)
The initial stage, taken as 5% weight loss (see table 3.9) occurs between ca. 410-420 °C for 
all materials and is understood to be the cleaving of aliphatic structures within the polymer 
network and accounts for between 30-45% of mass loss depending on the polymer blend 
[25, 124]. The second phase of degradation occurs at ca. 600 °C and is the breakdown of 
the remaining aromatic structures yielding a residue in almost all cases of less than 2% of 
original mass.
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Table 3.9 The weight loss temperatures and Ta of the polycyanurates obtained using TGA.
Sample
Cu(acac)2
(ppm)
Mass loss (%)
Yc
(%)
Td
(*(:)
5 10 20 30 40 50 60
[(1)] 200 413 423 428 435 458 538 575 1.83 413
[(2)] 200 417 422 430 452 530 571 588 1.89 417
[(3)] 200 423 434 522 595 620 635 650 1.76 423
[(1)50(2 )50] 200 414 422 427 436 484 549 576 2.03 414
[ (1 )6 o(2 )4 o] 200 411 419 421 422 429 470 551 1.54 411
[(1)70(2 )30] 200 416 425 427 436 470 542 570 1.45 416
[ ( 1 ) so(2 )2 o] 200 413 425 430 438 489 552 579 1.22 413
[(1)90(2 ) 10] 200 410 424 428 435 458 530 552 1.76 410
[(3 )50(1)50] 200 416 425 441 522 572 595 608 1.38 416
[ (3 )6 o(1 )4 o] 200 419 426 460 552 592 610 622 1.59 419
[(3 )70( 1)30] 200 420 429 498 573 604 621 635 1.65 420
[ (3 )8 o(1 )2 o] 200 420 431 498 578 609 625 640 1.33 420
[(3 )90( 1) 10] 200 419 434 515 575 603 619 633 1.67 419
[(3 )50(2 )50] 200 420 430 484 558 592 608 621 1.41 420
[ (3 )6 o(2 )4 o] 200 420 432 489 560 594 612 624 1.75 420
[(3 )70(2 )30] 200 408 423 429 487 555 587 604 1.47 408
[ (3 )8 o(2 )2 o] 200 420 434 513 574 603 619 633 1.58 420
[(3 )90(2 ) 10] 200 418 433 508 566 597 614 628 1.34 418
Yc = char yield at 800 °C Ta = onset of thermal degradation determined from TGA
Following an extensive investigation of binary cyanate ester blends, a thorough 
understanding of both physical and chemical processes has been built up. This has 
comprised a visualisation and understanding of the reaction mechanism between cyanate 
esters, an examination of physico-chemical properties of the polymerisation process 
including quantification of the reaction kinetics associated with the polymerisation, as well 
as analysis of the thermo-mechanical properties and network structures exhibited by the 
cured resins. This knowledge should serve as a foundation for further investigations of the 
materials continued in Chapter 4 with the investigation of effects of extreme environments 
on binary cyanate ester blends.
76
4 Extreme Environments
Following on from the investigation in performance of binary cyanate ester blends 
conducted in chapter 3, this chapter focusses on the performances of these same blends 
when subjected to extreme environments. All materials were subjected to moisture through 
both isolation in an elevated humidity chamber and direct immersion in water at RT, with 
the best performing blends subjected to direct immersion at elevated temperature (100 °C). 
Additionally, all the materials were subjected to both acidic and basic environments and the 
blends were analysed for their mass changes and thermo-mechanieal performance following 
exposure. These conditions were chosen as it was felt they encompassed all the potential 
environments the materials would experience if applied to PCB technology as a substitute 
for Triazine A.
4.1 Moisture Absorption: Introduction and theory
Cyanate ester polymers are known for their characteristic low moisture absorption [42, 
125]. They absorb a low level of moisture when either directly immersed in H2O or exposed 
to humid environments. However, as has been stated previously, their propensity to 
undergo a degree of hydrolysis sufficient for carbamate formation can render the material 
useless when considering high performance applications where reliability is paramount. 
Data for moisture absorption are well known for the cyanate ester homopolymers: e.g. 
LECy has been documented to increase by 1.8% after 218 hours at 100 °C [126], BADCy 
to increase to saturation point at 2.5% at 100 °C [127], with literature unable to suggest a 
definite value for PT30 in its moisture uptake properties [106]. Although these cyanates 
clearly demonstrate low moisture uptake, this characteristic was investigated for blends of 
the cyanate esters LECy, BADCy and PT30 for which there are little available data.
Mi — Mq
% H 2 0  absorption  = — —----- x 100
M q
Equation 4.1 Equation for % water absorption
Where:
Mi is mass of wet sample 
Mo is mass of dry sample
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The movement of water into the material is best described by Pick’s second law. This 
describes non-steady state diffusion where the flux in diffusion varies. This can be 
explained using the Cartesian coordinates, x, y and z.
dC (d^C d^C d^C 
— Dy I —   + —   4-
dt dz^
Equation 4.2 Generalisation of Pick’s second law for a three dimensional object 
Where:
Dx is the diffusion coefficient,
C is the concentration of water, 
t is time,
y, and z  are the axes along the concentration gradient.
If the sample is of a uniform thiekness and exposed on both sides then the y  and z axis 
equate to infinity and can be ignored. As such equation 4.2 can be simplified to give 
equation 4.3.
dC _  d^C
dt dx^
Equation 4.3 Simplified equation for Pick’s second law
When the sample is of one dimension (as described by y  and z axes equating to infinity), 
moisture is distributed evenly and the temperature and moisture content is constant, then 
equation 4.2 can be better written as:
% H2O absorption  = — Mj) + Mj
Equation 4.4 Equation for % water absorption accounting for G
Where:
Mm = maximum moisture content
Mi = initial moisture content
G = time dependent parameter
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This accounts for both absorption and desorption and enables predictive capability. The 
time dependent parameter G can be found through equation 4.5 which is simplified in 
equation 4.6.
C -  1 8 y  exp [ - (2 ;  +  1)^ ( ^ ) ]
Equation 4.5
G = 1 — exp -(f)
Equation 4.6
Where;
h is thickness of sample
Dx is difiusivity of sample (diffusion coefficient) 
j  is flux of diffusion
It has been reported [128] that the temperature equilibration across the exposed sample 
normally proceeds at 10^  times that of the equilibrium of the moisture concentration. It has 
also been documented that the moisture content has a negligible effect on diffusivity. It 
should also be noted that the parameters of maximum moisture content (Mm) and diffusivity 
{Dx) are found experimentally [128]. Furthermore, the methodology employed in 
calculating the maximum moisture content also differs when comparing a material directly 
immersed in liquid and one exposed to a set relative humidity.
= constant {liquid)
= a (f)^  {humid environm ent)
Equations 4.7 and 4.8
Where:
0  = % relative humidity.
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The time taken for maximum moisture content (99.9%) to be achieved is represented by 
equation 4.9.
0.67
Equation 4.9
In order to obtain the diffusivity and maximum moisture content for a given sample, a 
graph of mass content against time^^  ^should be plotted (Figure 4.1).
m
Moisture 
content (%)
Vtime
Figure 4.1 Graph illustrating moisture content vs. Vtime
From the graph it is possible to deduce the rate (k) of the slope of the graph (equation 4.10) 
and thus produce a value for the diffusion coefficient (Dx) (equation 4.11).
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k =
Myjt2 — M^Jt[ 
V^2 — h
Equation 4.10 Calculation of rate of moisture uptake
kh
Equation 4.11 Calculation of diffusion coefficient
Producing values for Dy. and experimentally enables the prediction of various moisture 
absorption properties, including the maximum saturation point of the material and the time 
taken to reach maximum saturation. These values can then be adapted to fit the material on 
a larger, more commercial scale. For industry, the benefits of having such accurate 
mathematical predictive properties are numerous, including the avoidance of years of costly 
experimental studies to elucidate values readily produced through mathematical calculation.
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4.2 Relative humidity investigation
4.2.1 Introduction
The investigation into the moisture absorption behaviour of cyanate ester blends was further 
explored by testing the blends at a set humidity for a number of weeks. The samples were 
exposed to 75.3% relative humidity (RH) by suspending the cured plaques over NaCl 
(200 g) in H2O (60 ml) in an airtight chamber [105, 129]. The samples were analysed 
through both non-destructive and destructive techniques. Observations were made through 
photography, prior to and following the end of testing. Mass was recorded prior to, during 
and after the investigation. Spectroscopic analysis was also conducted with infra-red 
analysis carried out after each week of exposure to humidity. The samples were finally 
analysed for their thermo-mechanical properties through dynamic mechanical thermal 
analysis and thermo-gravimetric analysis. These analyses were performed at the end of the 
experiment, due to their destructive nature.
4.2.2 Results and Discussion
These photographs were taken prior to the experiment and are typical of all the materials 
used in this study, beginning as void free homogenous plaques. The samples had been made 
around three weeks before these photographs were taken, and in that time had been kept at 
ambient temperature and pressure in sealed plastic bags.
F ig u r e  4 .2  im ages o f  b lends b etw een  P T 30  and B A D C y
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Prior to exposure the cured materials were dried to a constant weight in vacuo at 60 °C. 
When at a constant weight they were considered dry and introduced into the elevated 
humidity chamber. They remained in the chamber subject to 75% RH for over 4000 hours 
with periodic removal for weighing and spectroscopic analysis. The moisture absorption is 
visualised in Figures 4.3-4.8 as a function of time and square root time. The increase in 
mass is summarised in Table 4.1.
4.2.2.1 Moisture uptake
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Table 4.1 summarises the amount of water absorbed by the materials with all samples 
clearly absorbing a degree of moisture.
Table 4.1 Mass uptake of resins exposed to 75% RH
Material Initial mass (Mo) Final mass (Mi) %H 2 0  absorption
[( 1)50(2 )50] 2.3344 2.3545 0.85
[(1)6o(2)4o] 1.9844 1.9996 0.76
[(1)70(2 )30] 1.9211 1.9370 0.82
[(1)so(2)2o] 1.1480 1.1572 0.80
[(1)90(2 ) 10] 1.3742 1.3843 0.73
[(3 )50( 1)50] 2.1897 2.2040 0.65
[(3)6o(1)4o] 1.5209 1.5320 0.72
[(3 )70( 1)30] 1.9007 1.9163 0.81
[(3)so(1)2o] 2.1262 2.1485 1.04
[(3 )90( 1) 10] 1.7388 1.7583 1.11
[(3 )50(2 )50] 1.4718 1.4858 0.94
[(3)6o(2)4o] 1.9115 1.9301 0.96
[(3 )70(2 )30] 1.6132 1.6304 1.06
[(3)so(2)2o] 1.7078 1.7273 1.13
[(3)9o(2)io] 1.9839 2.0132 1.46
Despite absorbing moisture, upon inspection, the samples appeared to show no visual 
changes following over 4000 hours at ca. 75% humidity. There is a clear trend with the data 
given in Table 4.1 concerning blends containing PT30. It is observed that increasing the 
stoichiometric quantity of PT30 into the blend composition increases the amount of water 
taken up by the cured material.
There could be a number of reasons for this observed phenomenon, although it is 
anticipated that the degree of free volume within the cured structure will be a significant 
factor. This will be investigated further later in the chapter.
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4.2.2.2 Spectroscopic data
To ensure this mass increase is indeed inclusion of water from the humid environment 
infra-red spectroscopic analysis was used illustrating an increase in the broad O-H stretch 
characteristic of H2O (see Figures 4.9-4.12.)
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Figure 4.11 unexposed cured blends of [(3)x-(2)y]
The exposed samples were analysed through infra-red spectrometry to examine whether the 
increase in mass observed could be justified as water uptake through the development of the 
O-H bend at 3050 cm '\ a classic spectral characteristic of a wet sample. Following one 
week of exposure to elevated humidity the samples were analysed through IR spectroscopy. 
All materials showed spectra similar to that of figure 4.12 with the clear formation of an 
OH bend, characteristic of water uptake.
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Figure 4.12 [(l)x-(2)y] following 168 hours exposure to 75% RH
Although the masses of the samples eontinued to inerease (albeit at a deereasing rate) the 
speetroscopic analysis showed little spectral change from week one. H2O was indeed still 
present in the sample but the relative intensity remained fairly constant, as illustrated in the 
comparison between spectra for week one and week ten (Figures 4.12 and 4.13).
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Figure 4.13 [(l)x-(2)y] Following 1680 hours exposure to 75% RH
The effect of absorbed moisture is an important feature to understand for any material to 
become useful commercially. As such the thermo-mechanical properties were investigated 
through DMTA and TGA following exposure to probe for changes in the glass transition 
temperature and onset of degradation (two examples given in Figures 4.14 and 4.15. Tables 
4.3-4.5 contain the complete dataset)
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Figure 4.14 DMTA comparison of exposed (black) and unexposed (red) [(1)50(2 )50]
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92
What the thermo-mechanical data demonstrate is that the moisture has a clear effect on the 
magnitude of Tg with the temperature reducing in all materials. However, the degradation 
onset and profiles are identieal in unexposed and exposed materials.
The investigation into the cured resins behaviour in elevated humidity yielded some 
interesting data. It was felt upon ca. 4000 hours’ exposure the samples had reached 
individual plateaux in moisture uptake and were therefore at saturation point - a suitable 
time to end the testing. However, upon plotting the mass uptake against the square root of 
time it has been shown the tests were finished prematurely. Regardless, it is still possible to 
draw out trends and explain the differences observed in the mass uptake of the cured resins.
As a general trend, increased ineorporation of PT30 into the resin system resulted in a 
marked increase in moisture absorbed by the cured plaque. This behaviour could be 
explained by the complex molecular architecture, amount of free volume and high degree of 
cross links preventing the egress of absorbed moisture, trapping it within the voids of the 
cured network. However, to ensure this observed trend is not a false positive result, a 
duplicate set of experiments was set up where the samples were directly immersed in water 
at room temperature. This second investigation was conducted on a second set of samples 
synthesised in an identical manner, seeking further evidence to support or contradict the 
hypothesis over the effect on the relationship between free volume, cross link density and 
moisture uptake. Analysis was performed with the same techniques through DMTA and 
TGA.
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4.3 Immersion testing
4.3.1 Introduction
The cyanate blends behaviour in wet environments was further tested by investigating the 
effect of direct immersion in H2O. The samples were immersed in distilled water (100 ml) 
for a number of weeks at 20 °C, with mass readings taken periodically to enable the 
production of graphical data concerning the percentage moisture uptake, much like in the 
relative humidity testing. Infra-red analysis was performed to account for changes in mass 
with the classic OH broad stretch found to exist in materials that had increased in mass 
during testing. Following a prolonged exposure the materials studied were investigated for 
any changes in their glass transition and/or degradation onset in comparison with virgin 
materials of the same composition.
The investigation into the effect of direct immersion can be compared with the data 
produeed from the relative humidity study. This should provide a relatively comprehensive 
dataset for the behaviour of dicyanate ester binary blends during moisture exposure and the 
direct consequences on thermal transitions from exposure to environments of elevated 
moisture content.
4.3.2 Results and Discussion
In an identical procedure to the relative humidity study, the cured materials were dried to a 
constant weight in vacuo at 60 °C. When at a constant weight they were considered dry and 
introduced into beakers containing H2O (100ml) and were then sealed. They remained 
directly immersed for over 14000 hours with periodic removal for weighing and 
spectroscopic analysis. The moisture absorption is visualised in Figures 4.16-4.21 with the 
change in mass plotted vs. time. The increase in mass is summarised in Table 4.2 with the 
% H2O absorption calculated by equation 4.2, the same calculation used in the relative 
humidity analysis.
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Table 4.2 % H2O absorption of directly immersed samples
Material Initial mass (Mo) Final mass (Mi) %H2 0  absorption
[(1)50(2 )50] 8.9461 9.0833 1.51
[( 1)60(2 )40] 13.5747 13.8366 1.89
[( 1)70(2 )30] 10.6314. 10.827 1.81
[( 1)80(2 )20] 12.9197 13.1641 1.86
[(1)90(2 )10] 7.5177 7.6385 1.58
[(3)50(1)50] 17.2649 17.7285 2.61
[(3)6o(1)4o] 17.3742 17.8680 2.76
[(3 )70(1)30] 12.7562 13.1457 296
[(3)so(1)2o] 15.4618 15.9268 :292
[(3)9o(1)io] 13.8261 14.2588 3.03
[(3 )50(2 )50] 13.5108 13.8650 2.55
[(3)6o(2)4o] 17.2138 17.6260 2.34
[(3 )70(2 )30] 15.4747 15.9267 2.84
[(3)so(2)2o] 11.8710 12.2167
[(3)9o(2)io] 15.6982 16.1960 3.07
This data set illustrates the H2O absorption by the binary blends of cyanate esters. The 
50:50 blend between BADCy and LECy has been demonstrated to uptake the least amount 
of water with the blends containing 90% PT30 absorbing the most water. What is clear is 
that the blends between BADCy and LECy absorb less water than blends containing PT30 
and also, as a general trend, increasing the PT30 eontent results in increased moisture 
uptake. This observation agrees with results from the elevated relative humidity study. 
Following the completion of moisture exposure tests for the immersed samples, the thermo­
mechanical properties were evaluated through DMTA and TGA and eompared with 
unexposed materials and materials exposed to 75% RH.
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The TGA trace was, like in the relative humidity investigation, unchanged when an exposed 
material was tested in comparison with an unexposed material however the DMTA spectra 
demonstrated an even greater reduction in Tg than the relative humidity study (Figure 4.21).
[(1),,(2) J  RH
[(1)50(2 )50] unexposed 
[(1)50(2 )50] immersed
2500 n
2000  -
c3
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500 -
1000 150 200 250 350 40050 300
Temperature (°C)
Figure 4.21 DMTA comparison of unexposed (red), RH (black) and immersed (blue)
[(1)50(2 )50]
A full data set comparing the unexposed blends and those exposed to elevated relative 
humidity and direct immersion is summarised in Tables 4.3-4.5. These data give an insight 
into the effect of moisture on thermo-mechanieal properties and furthermore how these 
materials could be expected to behave if exposed to environments of elevated moisture 
eontent and/or elevated temperature. With the ingress of moisture into cured cyanurate 
networks known to be disruptive, leading to reduced performance in a reduced glass 
transition temperature and blistering of materials through CO2 evolution, these tests are 
important for any commercial application.
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The data in Table 4.3 demonstrate that there is a deleterious effect on glass transition from 
exposure to moisture. There is also an evident pattern in the reduction of thermal stability 
when looking at the blend composition. An increased ineorporation of PT30 results in 
reduced thermal stability and a lower glass transition. This phenomenon agrees with the 
observed trend in mass increase during exposure to the humid environment, where it was 
also found that a greater ineorporation of PT30 resulted in an increased weight gain 
attributed to higher water uptake. The deleterious effect of water ingress on glass transition 
can be explained by the water decreasing the energy required to produce segmental chain 
motion of polymer chains sufficient to cause a change in state.
Table 4.5 summarises the degradation onset of the binary cyanate ester polymers prior to 
and following exposure. There is no significant effect on the degradation onset by 
absorption of water into the cured polymer network. Therefore, one can assume that the 
absorbed moisture exerts no chemical change on the cured polymeric chains.
The trend of increased water uptake with increasing PT30 incorporation may be accounted 
for by the network structures produced through polymerisation of the binary cyanate ester 
blends. The cross link density of the cured network increases markedly with increasing 
proportion of PT30. This high cross link density is what makes PT30 so thermally stable, 
with the possibility for a transitions to be as high as 400 °C [106]. However, the high cross 
link density also lends itself to the possibility for trapping and retaining water molecules 
within the cured network, whereas blends with lower cross link densities and thus more 
vacuous structures enable the ingress and egress of moisture more readily.
The resultant decrease in onset of the a transition is the result of complex interactions 
between polymer chains and absorbed H2O molecules. There is the possibility for moisture 
to directly affect the intermolecular bonding and polymer chain segmental motion through 
alteration of van der Waals forces as well as a change in ionic and induced dipole 
interactions. This is best visualised through changes in the tan delta peak from DMTA 
measurement (Figures 4.23 and 4.24.)
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The change in tan delta as a result of moisture absorption is present in all binary blends 
with one example given here for brevity. The importance of the change in tan delta is not 
only that the glass transition is reduced but also the form of the signal has changed with a 
‘shoulder’ peak found at ca. 220 °C, a broadening of the signal, as well as a larger distance 
between the tan delta and loss modulus peaks. These features are important as they 
demonstrate a change in the phase angle or visco-elasticity of the material in response to 
moisture uptake i.e. the degree of damping. These changes can be attributed to alterations 
of intermolecular forces between polymer chains.
Alongside clear changes in the non-bonding interactions, un-reacted cyanate esters groups 
are known to react with water and result in carbamate formation within the cured network. 
As has been stated previously, the formation of carbamate within the polymeric network 
leads to the evolution of CO2 at elevated temperatures (Figure 4.25.)
NH 0
  Cu II II
' • ' ^ 0  C = N  — ----- ► v w ' O ------ 0 ------ OH >  VAATO------ C------ NH? --------- ►  w v 'N H ?  +  0 0 ?
slow last
Figure 4.25 Reaction scheme showing carbamate formation and CO2 evolution
This phenomenon, expected for all homopolymers and blends of polycyanate ester resins, 
has a more dramatic effect than a subtle reduction in glass transition temperature. Upon 
exposure to temperatures approaching and surpassing the glass transition, the materials 
swell and blister resulting in potential catastrophic failure. However, the blends between 
PT30 and LECy were found to behave differently to both their respective homopolymers 
and indeed other binary blends. In particular, the two blends with the major component 
being PT30, [(3)so(2)2o] and [(3)9o(2)io], do not seem to blister at all when compared with 
either exposed or neat resins, this phenomenon is well illustrated in Figure 4.26.
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Figure 4.26 Comparison of [ ( l ) 9o(2 )io] (left), [(3)90(1)90] (centre) and [ (3 )oo(2 )io ] (right)
This observation of reduced outgassing in [ (3 )go(2 )2o] and [ (3 )9o(2 )io] is a significant one, 
with cross link density data for the exposed blends showing some interesting general trends 
which may aid in the explanation of the observation.
In blends between BADCy and LECy the cross link density increases when subjected to 
environments of both elevated humidity and direct immersion in H2O when eompared with 
neat, unexposed resins. Blends between PT30 and BADCy show a similar trend (one 
anomaly) with cross link density increasing in exposed materials. However, the blends 
between PT30 and LECy are reducing in cross link density following exposure. This 
change in structure is directly affecting the reduction in outgassing. Although it is 
hypothesised to be a complex, dynamic system with numerous possibilities, the initial depth 
of moisture ingress into the material and its resultant effect on polymer chain interactions 
seem to be key influences on the propensity to produce carbamate (see Figure 4.27).
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Figure 4.27 Schematic to explain the moisture effects on cross link density (red indicates
H2O molecules)
The DMTA data confirm that [(l)x-(2)y] is more lightly cross linked when compared with 
[(3)x-(l)y] and [(3)x-(2)y]. It is postulated that this light cross linking enables moisture to 
ingress further into the cured material where H2O interacts with the polymer chains, 
increasing the cross link density. The egress of moisture is therefore compromised by a path 
of increasing tortuosity, compounded by an increased depth in comparison to the other 
blends. A similar explanation is found in blends between [(3)x-(l)y] where although the 
initial network is more highly cross linked, preventing ingress to the same depths as [(l)x- 
(2)y], the cross link density again increases upon exposure. The retention of moisture in
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both cases results in blistering at elevated temperatures. The scenario for [(3)x-(2)y], 
especially where (3) predominates, is an interesting one. An unexposed material, like [(3)x- 
(l)y], exhibit high cross link density which limits the depth of moisture ingress. However, 
upon exposure, the reduction in cross link density observed could allow egress of absorbed 
H2O as the temperature is increased with the regression path becoming more vacuous, 
facilitating the egress of H2O prior to carbamate formation at elevated temperatures.
To further demonstrate the result of outgassing in these binary cyanate ester blends, high 
resolution images were taken of [(1)50(2 )50] following immersion testing and DMTA 
measurement exposing the structural deformation caused by outgassing.
' 5  ï m  ' 7
Figure 4.28 High resolution images of outgassing in [( 1)50(2 )50]
It is evident from Figure 4.28 how destructive outgassing can be to the polymer structure. 
This has implications for application and so reduced outgassing observed in [(3)ço(2)io] is 
of interest.
To ensure the observation of reduced outgassing in blends between [ (3 )so (2)20] and 
[(3)90(2)10] is a true feature of these materials, accelerated temperature testing was 
conducted on homopolymers and selected binary cyanate blends through exposure to 
boiling water for 14 days. These materials were observed for changes in appearance, 
structural integrity and thermo-mechanical performance.
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4.4 Accelerated immersion testing
A selected set of binary cyanate esters and homopolymers were further investigated for 
their moisture uptake characteristics in a more extreme environment. Prior to testing the 
samples were cut to identieal size for DMTA {ca. 3 x 5 x 1 7  mm^) and dried under vacuum 
at 60°C until constant weight. They were then submerged for 14 days at ca. 100 °C in the 
experimental set up shown in Figure 4.29.
Condenser
Round bottomed 
flask _ /
Figure 4.29 Experimental set up for accelerated immersion testing
Following testing the samples were analysed through DMTA measurement as well as 
through microscopy. The thermo-meehanieal data are summarised in Table 4.6 including 
comparisons between neat resins and those immersed at 25 °C. Observations were also 
made on any changes in appearance, network structure and assessment of whether 
outgassing had occurred.
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The effect of moisture exposure on thermo-mechanical performance is evident in Table 4.6. 
The studies involving accelerated moisture testing demonstrate the largest reduction in 
glass transition temperature, an expected finding due to the extreme nature of the 
environment. A reduction in storage modulus is also observed in homopolymers and blends 
exposed to moisture except for blends between PT30 and LECy where storage modulus 
increases, this is an interesting observation.
Although there is a significant reduction in Tg for all blends when subject to accelerated 
testing, the reduction in outgassing for [(3)9o(2)io], as observed previously in the relative 
humidity and direct immersion at room temperature, is still observed in the accelerated 
testing (see Figures 4.30 and 4.31).
Figure 4.30 Top view of [(3)9o(2)io] following exposure and DMTA
Figure 4.31 Side view of [(3)9o(2)io] following exposure and DMTA
Following these investigations it is clear the reduction in outgassing observed is a 
significant improvement in comparison to the homopolymers. The blends demonstrating 
improvements could therefore become candidates for use in environments that cyanate 
esters have previously been unsuitable due to their failures through blistering. To probe 
these blends further the stability in acid and base was investigated.
I l l
4.5 Acid Base stability
Following the moisture exposure testing of the binary cyanate ester blends, the logical 
progression was to a series of experiments involving performance in acidic and basic 
media. The samples were made to the dimensions required for thermo-mechanieal analysis 
through DMTA/TGA instrumentation and then weighed and photographed prior to 
exposure.
As has been discussed earlier, cyanate esters are known to form carbamate impurities in the 
presence of acidic aqueous media such as water. The investigation of submersion into 
highly acidic and basic environments was to observe how manipulating the pH of the media 
affected this phenomenon.
Table 4.7 tracks the changes in mass following over 3000 hours’ exposure to immersion in 
either acidic or basic media. Unlike Tables 4.1 or 4.2 for mass uptake following H2O 
exposure, where mass is expected to increase due to ingress and swelling, the effect of acid 
or base is more complex with the potential for either ingress and swelling or degradation of 
polymeric structures and an overall reduction in mass.
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Table 4.7 Mass changes observed in aeid/base tests
Material Initial mass (Mo)/g Final mass (Mi)/g Mass Change (%)
H2SO4 NaOH H2SO4 NaOH H2SO4 NaOH
[(1)50(2 )50] 2.086 2.208 2.1097 2.2348 +1.01 +1.01
[(1)6o(2)4o] 1.672 1.449 1.6915 1.4670 +1.01 +1.01
[(1)70(2 )30] 2 289 2263 2.3150 2.3897 +1.01 +1.01
[(1)so(2)2o] 1.892 1.768 1.9118 1.7904 +1.01 +1.02
[(1)90(2 )10] 0.641 0.481 0.6460 0.4865 +1.01 +1.01
[(3 )50( 1)50] 1.776 1.750 1.7950 1.7700 +1.01 +1.01
[(3)6o(1)4o] 1.816 2.370 1.8365 2.4016 +1.01 +1.01
[(3 )70( 1)30] 2.217 1.458 22295 1.4773 +1.01 +1.01
[(3)so(1)2o] 1.909 2.427 1.9307 2.4620 +1.01 +1.01
[(3)9o(1)io] 1.720 1.889 1.7388 1.9242 +1.01 +1.02
[(3 )50(2 )50] 1.254 1.327 1.2648 1.3380 +1.01 +1.01
[(3)6o(2)4o] 1.335 0.970 1.3462 0.9810 +1.01 +1.01
[(3 )70(2 )30] 1.930 2.052 1.9496 2.0761 +1.01 +1.01
[(3)so(2)2o] 1.703 1.671 1.7265 1.6909 +1.01 +1.01
[(3 )90(2 )10] 1.523 1.398 1.5408 1.4282 +1.01 +1.02
The mass change in the immersed materials was identieal regardless of blend composition 
or indeed whether the environment was acidic or basic with a 1% mass gain seen in all 
samples. However, as the investigation was being conducted it was noticed that the basic 
NaOH solution changed from a colourless solution to a yellow/beige colour whereas the 
samples immersed in H2SO4 remained in a colourless solution (see Figure 4.32).
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Figure 4.32 Basic (left) and acidic (right) environments with immersed [(3)8o(2)2o]
It was also apparent that there were small fragments of what can only be polymer floating 
within the basic aqueous media. This corresponded with an observable change in the 
surface of the cured resins with what appeared to be surface etching occurring on the 
exposed faces of the cured polymer.
Figure 4.33 surface etching of [(3)so(2)2o] following exposure to NaOH for 3192 hours
Clearly the basic environment was having a detrimental effect on the cured polymer with 
degradation of the surface of the samples immersed into NaOH evident.
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Following on from the investigation into the effects of acid and base on mass change and 
hydrolytic stability, the thermo-mechanical properties were investigated. DMTA provided 
information regarding glass transition and modulus with an example given in Figure 4.34.
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Figure 4.34 DMTA comparison of [(1)50(2 )50] immersed in H2O (black), H2SO4 (red) and
NaOH (blue)
Figure 4.33 demonstrates that the pH of the environment the cured material is immersed in 
can have a subtle effect on the thermo-mechanieal properties. For the cured materials 
immersed in either acid or base there is a small reduction in Tg. A comprehensive review of 
thermo-mechanieal effects is tabulated in Table 4.8.
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4.6 Summary
The data produced from this investigation into the effect of exposure to extreme 
environments are both interesting and extremely usefiil for industry. These materials, in 
their cured state, lend themselves to a wide array of applications where performance in 
extreme conditions is of paramount importance. The ramifications of reduced performance 
following exposure to moisture can be critical when one considers the applications that look 
to cyanate esters as a material of choice. These industries include energy production, 
military and civil aviation as well as extra-terrestrial technologies.
The general trend is that exposure to moisture, whether through elevated humidity or direct 
immersion in RT or 100°C H2O causes a swelling of the material through absorption of 
water molecules and a dramatic reduction in glass transition temperature with outgassing 
and blistering of cured materials frequently occurring. More specifically, this study has 
demonstrated a definite trend in that incorporation of PT30 over more linear bisphenol type 
structures results in greater absorption of H2O and a more marked decrease in Tg.
The behaviours of binary cyanate ester blends in acidic and basic media has been 
investigated with a pronounced difference in stability. There is significant hydrolysis of the 
cured materials in basic aqueous media compared with a relatively stable behaviour in 
acidic media. However, although surface etching is observed for materials exposed to base, 
there does not appear to be a significantly detrimental effect on the thermo-mechanical 
performance, when compared with identical blends immersed in acidic media.
The reduction in outgassing observed in blends between PT30 and LECy, particularly in 
[(3 )90(2 )10], is a marked improvement in comparison with the homopolymers and indeed 
other selected binary cyanate ester blends. It is anticipated that the experimental 
methodologies and results produced in this investigation can provide the foundation for 
further investigations into these materials, with a view to the production of industrially 
competitive blends that outperform other materials when exposed to extreme environments.
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5. Bismaleimide Triazine Resins
5.1 Introduction
The bismaleimide triazine (BT) resin is a multicomponent resin comprising a bismaleimide 
(BMI) and a cyanate ester (CE), solvated for ease of processing. BT resins were first 
marketed by Mitsubishi Gas Chemical in 1978, incorporating methylene dianiline with 
triazine A and found application in several areas but became the first choice material for 
printed circuit boards (PCBs). With the advancement of technology since the late 1970’s 
and the subsequent increasing number of electronic devices with ever increasing 
complexity whilst reducing in size, BT resin is even more in demand as the material of 
choice for PCBs and semiconductor packaging [130]. It was felt that BT resin should be 
investigated thoroughly to gain a better understanding of the relationships between reaction 
mechanism, structure and properties with a view to produce a novel BT style resin based on 
the work eonducted through the production of novel blends of cyanate esters covered in 
Chapter 3.
BT resins are still made almost exclusively by Mitsubishi Gas Chemical (MGC) in Japan 
and are used internationally. The earthquake and tsunami in Japan in March 2011 directly 
affected the production of the materials and as such correspondence with MGC regarding 
obtaining new samples and data sheets proved fruitless. The only access to BT resin was 
through a sample of BT2110, originally obtained from MGC in the late 1990’s, known to 
be a mixed blend between BMI and cyanate ester monomers. To ensure good homogeneity 
of the BT resin and ease of processability as a laminating varnish, it is solvated.
The initial investigation was to conduct an analysis of the BT resin, in order to elucidate the 
exact chemical components within the mixture, their relative quantities and the properties 
held by the uncured resin -  this investigation was condueted through the use of 
instrumentation including FTIR, kinetic Raman, GC-MS, DSC, DMTA, TGA and principal 
component analyses (PC A). With a thorough understanding of the industrially produced BT 
resin it was hoped that the research may enable the production of a novel BT resin.
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5.2 Identification o f  a typical BT resin
5.2.1 Removal o f Solvent
In order to better understand the monomeric components of the BT system, the solvents 
were removed through a two stage process. Initially, rotary evaporation was carried out for 
6 hours at 90°C in vacuo. Following this the material was subject to freeze drying for 24-72 
hours at -61°C and 6mbar, until a constant weight was achieved.
This two stage procedure was a necessity in order to remove all the solvent from the 
BT2110 resin system. Initially studies involving just rotary evaporation or freeze drying left 
a material with residual, high boiling point solvent present. The combination of both 
techniques and extended time on the freeze drier enabled a dry material to be isolated. This 
unsolvated material was then subject to spectrochemical analysis to assess the blend 
constituents and their relative quantities.
5.2.2 Species identification and reaction mechanism
Nuclear magnetic resonance (NMR) spectral studies were conducted to further elucidate the 
chemical components within the BT2110 resin. To provide better reliability in the 
characterisation process, the BT resin was compared against commercially obtained BMI 
monomer and CE monomers and analysed with the same spectrometer in either liquid phase 
(solvent CDCb) or solid state. The NMR analysis yielded data that were extremely valuable 
to the characterisation process. It was shown that the BT resin analysed had two monomeric 
components of BADCy and DDM BMI. (see Figure 5.1).
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Through the use of the solid state probe for analysis of cured BT resin it was possible to 
elucidate the reaction mechanism by comparing changes in peak intensities when 
comparing uncured monomeric material with cured material (see Figures 5.2, 5.3 and Table 
5.1.)
B T 2 1 1 0 S  3 0 m in s
— 00
-  w
300 200 100 0 [ppm]
Figure 5.2 NMR BT2110 after 30 mins at 160 °C (uncured, solid state probe)
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B T 2 1 1 0 s  OOmins 160°C  IdO m in s 200'C
_ o
-  CM
300 200 100 0 [ppm]
Figure 5.3 NMR BT2110 after 60 mins at 160 °C and 150 mins at 200°C
(cured, solid state probe)
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Table 5.1 NMR data for progressively cured BT2110
Chemical Shift Observation Characterisation
174.1 Increase
N
170.2 Decrease
150.2 No change
129.6 Decrease
128.2 Increase
N ^ O -
121.8
116.0
109.1
Increase
Decrease
Decrease
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Table 5.1 summarises the main spectral characteristics and discrepancies found between 
Figures 5.2 and 5.3. What is clearly evident is there is a reduction in the monomer content 
in the cured sample with a corresponding increase in signals corresponding to cured 
homopolymers. There is also no evidence for any novel structures that could be produced if 
the two systems had undergone co-reaction. The NMR analysis therefore suggests that the 
reaction mechanism between cyanate ester and BMI involves two homopolymérisations 
independent of one another.
To further clarify the evidence found through NMR analyses the monomer species and 
reaction mechanism were probed through vibrational spectroscopy in the use of FTIR and 
Raman spectroscopy.
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Figure 5.4 Infra-Red spectrum  o f  uncured B T 2 1 10
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Figure 5.5 Raman spectra for uncured BT2110
The findings from NMR analyses were confirmed with IR and Raman data demonstrating 
peaks that are characteristic of these two monomeric species (Table 5.2).
Table 5.2 Peak characterisation
Band wavenumber (cm‘^ ) Characterisation
2971,2935,2877 C-H stretch (aromatic)
2273,2238 0-C=N doublet
1714 C=0 stretch
1565 C=C ring stretch
1502 C=N ring stretch
1210 C-N-C stretch
1173 C-O-C asymmetric stretch
1083 C-O-C symmetric stretch
835 C-H out of plane stretch (aromatic)
125
To explore the reaction mechanism, spectra were taken of the cured materials (Figures 5.6 
and 5.7) and compared with the uncured materials (Figures 5.4 and 5.5).
BT2110 cured
0.10 -,
0.08  -
0.06  -
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I
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Figure 5.6 Infra-Red spectrum of cured BT2110
B T 2110 cured
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F ig u r e  5 .7  R am an spectrum  o f  cured B T 2 1 10
126
The FTIR and Raman data demonstrate a reduction in signal for the reactive monomeric 
functional groups along with a corresponding increase in the peaks that are characteristic of 
the cured homopolymers (Figures 5.4 -  5.7). Significantly, there is no evidence for any 
unique structures being formed as described previously by others [64, 66, 69, 70]. These 
findings, combined with the data produced through NMR analysis, support the hypothesis 
of an interpenetrating network of BMI and cyanate ester rather than a co-reaction between 
the monomers. Cyanate esters are known to polymerise through a cyclotrimerisation 
reaction of the cyanate groups producing a triazine ring (Figure 5.8).
CH
Heat
:N
R
O
Figure 5.8 Reaction scheme of the homopolymérisation of polycyanurate
Whereas DDM BMI is known to homopolymerise by the following (simplified) scheme 
(Figure 5.9).
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Figure 5.9 Simplified reaction mechanism of the homopolymérisation of bismaleimide
This representation of the reaction mechanism of BMI is purely for homopolymérisation of 
DDM BMI where linear chains will be produced. When BMI is reacted with other chemical 
species there are numerous possible structures that could be formed.
5.2.3 Reaction Kinetics o f the Reaction Mechanism
With the successful identification of the monomeric components through spectroscopic 
techniques and confirmation of reaction mechanism, the reaction kinetics associated with 
the polymerisation between cyanate ester and bismaleimide were investigated.
Conversion and reaction rate data (Figures 5.10 and 5.11 respectively) yield predictable 
information with faster heating rates resulting in conversion at higher temperatures and 
faster reaction rates due to thermal lag. The kinetic data (Figure 5.12) suggests an activation 
energy of between 107-112 kJ/mol for the polymerisation which is higher than the 
activation energy found for the binary cyanate ester blends between the linear BADCy and 
LECy blends and similar to the binary cyanate ester blends containing PT30. This is quite 
an interesting finding as one might expect the BT blend between BADCy and DDMBMI to 
exhibit similar activation energies to the BADCy LECy blends with their linear structural 
similarities.
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Figure 5.10 Conversion data for ( l )9 o (4 ) io
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Figure 5.11 Reaction rate data for ( l )9 o (4 ) io  
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5.2.4 Thermo-mechanical analysis
With knowledge of the monomers, polymerisation mechanism and reaction kinetics, the 
next stage was to examine the thermo-mechanieal properties exhibited by this resin system. 
The dynamic mechanical analysis of the cured BT blend is demonstrated in Figure 5.13.
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Figure 5.13 DMTA data for [ ( l )9o (4 ) io ]
Analysis through DMTA (Figure 5.13) demonstrates a cured material with a Tg found to be 
ca. 242°C. This finding is lower than the literature value for the BADCy homopolymer (ca. 
260°C) [127] although [ ( l )9 o (4 ) io ]  exhibits a storage modulus similar to that found 
empirically for BADCy (ca. 2700MPa). It should be noted that analysis of DDMBMI 
through DMTA measurement is not possible due to the brittleness of the homopolymer.
With knowledge of the glass transition and storage modulus, the degradation profile of the 
material was investigated next through TGA. The degradation analysis conducted through 
TGA for [(1)9o(4)io] demonstrate an onset of degradation at 390°C (Figure 5.14).
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Figure 5.14 TGA data for [(l)9o(4)io]
This is in keeping with the cyanate ester component although is markedly lower than the 
bismaleimide component of the blend which displays a much higher onset of degradation 
temperature (460°C). This is best visualised with the degradation profiles of homopolymers 
BADCy (red) and DDMBMI (blue) overlaid with that of the blend [ ( l )9 o (4 ) io ]  (black) 
illustrated in Figure 5.15.
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5.3 Novel BT resins
Following the analysis of the commercially produced BT resin, the focus of the research 
centred upon producing a novel blend between the two species through blending a BMI 
moiety with a cyanate ester/s not currently reviewed in literature. The synthesis of a novel 
resin system was conducted to yield a cured network which retained, and hopefully 
improved upon, the desired characteristics of excellent thermal, electrical and hydrolytic 
properties, whilst addressing issues such as processability. To aid processability volatile 
solvents are used in the commercially produced resin to solvate the monomer species. 
Although this methodology produces an uncured resin system in a liquid state, ideal for 
numerous processing techniques, the solvents, in particular dimethylfbrmamide, made the 
cure of the resin difficult with often vacuous voids formed upon cure. Another drawback 
from using volatile solvents is the risk to the individual. A risk that should be minimised to 
benefit application in industry.
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In order to overcome the issues from using volatile solvents in producing a viable 
alternative to traditionally manufactured BT resin, several approaches were taken. Initially 
the use of a liquid chemical linker was investigated to assess whether incorporation of a 
linking unit between cyanate and BMI groups enabled the production of blended systems 
that cross reacted forming a linked interpenetrating network (LIPN) as opposed to the 
discreet IPN’s formed during cure of neat BT2II0 resin. Secondly, it was felt that adopting 
the use of a liquid monomer as a solvent matrix might enable the solvation of the solid 
bismaleimide component facilitating industrial processing methods. This was attempted 
with LECy, a liquid bisphenol E dicyanate monomeric resin often used to facilitate 
processability for industrial manufacture, and PT30, the high performing oligomeric 
cyanate ester. Finally, the best performing binary cyanate ester blend comprising both 
LECy and PT30, (3)9o(2)io was to be blended with DDMBMI. [(3)9o(2)io] has been studied 
extensively in Chapters 3 and 4 with significant improvements in the reduction of 
outgassing observed. It was hoped that the work conducted in Chapters 3 and 4 could be 
used as a foundation for producing a novel high performing bismaleimide triazine resin.
53.1 Synthesis with GMA
The introduction of a linking unit between cyanate ester and bismaleimide groups was 
investigated for the possibility of manipulating the polymerisation and consequently the 
structure of the cured network and performance of cured resins. In theory the use of a linker 
should enable incorporation of cyanate ester and bismaleimide monomers within the same 
polymeric chain, thus forming LIPN’s rather than the favoured IPN formation in absence of 
linker. Glycidyl methacrylate (Figure 5.16) was chosen as the linking unit.
Figure 5.16 Glycidyl methacrylate (GMA)
Glycidyl methacrylate is an excellent chemical linker due to it having dual functionality at 
either end of the molecule. At one end there is a methacrylic group with the other having an
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epoxide ring. The quantity of GMA clearly would have an influence on a number of 
properties including Tg and moisture uptake. This is due to there being reduced cross link 
density of the cured material if fairly linear linking groups like GMA are introduced. 
Therefore, the amount of GMA requires optimisation to ensure that the thermal, mechanical 
and low moisture uptake properties of these materials are not jeopardised.
Various quantities of GMA were incorporated into the standard BT resin system analysed 
earlier in this chapter that comprises a 9:1 molar ratio of BADCy to DDMBMI. GMA 
levels of 2.5%, 5% and 10% weight were investigated and compared with the neat resin 
system to assess for changes in thermo-mechanical properties (see Table 5.3).
Table 5.3 Effect of GMA on thermo-mechanical performance
Blend GMA incorporation (molar %) Tg(°C) Td (°C)
[(I)9o(4)io] 0 300 406
[(I)9o(4)io] 2.5 275 397
[(1)9o(4)io] 5 267 397
[(I)9o(4)io] 10 274 386
Data produced through DSC
All blends were synthesised by heating the mixture of monomers with/without GMA to ca. 
100 °C to melt the solid cyanate ester component, where they were then mixed with a 
magnetic stirrer at 300 RPM for 10 minutes. After this, the homogenous mixture was placed 
in an oven, ramping from 100 °C to 160 °C at 3K/min. The cure schedule then followed - I 
hour isothermal (160 °C) ramp to 200°C at 3K/min then held isothermally for 3 hours at 
200 °C, final ramp to 260 °C at 3K/min for I hour isothermal post cure.
Following the cure of the materials, it was immediately evident that with both incorporation 
of GMA and non GMA samples, the plaques produced were homogenous. Through DSC 
analysis of the cured [(I)9o(4)io] with varying quantities of incorporated GMA it was 
evident that GMA a clear influence on the thermo-mechanical properties of the cured 
plaques. What was apparent from the data produced in this study is that the inclusion of 
GMA had a deleterious effect on the thermal performance of the cured polymer with both 
Tg and Td decreasing with even the smallest inclusion of GMA (Table 5.3).
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Not only does GMA have a negative effect on the thermal properties held by the cured resin 
but there are also no real advantages in terms of aiding bulk processability through acting as 
a solvating matrix. This is due to the GMA being incorporated in relative small quantities 
and therefore the solid monomers are in excess. Through the use of liquid cyanate ester 
species it was felt that there would not be a requirement for organic solvents as the liquid 
monomer may act as a solvating species itself.
5.5.2 LECy BMI system
The aim of this portion of the investigation, as has been stated previously, was to attempt 
improve processability through solvating the DDMBMI with the liquid bisphenol E 
dicyanate ester. Because of the similarity in thermo-mechanical performance of BADCy 
and LECy it was felt there would be no significant advantages in the production of blends 
between LECy and DDMBMI in terms of thermo-mechanical performance in comparison 
to the BADCy DDMBMI BT resin system, and therefore to streamline this investigation 
only improvements in processability and solvation were investigated.
The use of LECy as the cyanate monomer in a novel BT resin achieved reasonable success 
in terms of aiding processability. Seven blends of a 9:1 molar ratio between LECy and 
DDMBMI (2 )9 o( 4 ) io were investigated through different experimentation methods (Table 
5.4).
Table 5.4 Summary of conditions applied to aid solvation of DDMBMI into LECy
Sample
designation
Conditions Temperature Frequency/Speed Duration
A No agitation RT - I week
B Sonication RT 35 kHz 15 mins
C Sonication RT 35 kHz 30 mins
D Sonication 50°C 35 kHz 30 mins
E Mechanical stirring RT 300 rpm 30 mins
F Mechanical stirring 50°C 300 rpm 30 mins
G Mechanical stirring RT 300 rpm 3 days
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The experimental conditions set up to assess the influence on solvation and processability 
outlined in Table 5.4 resulted in different levels of success as demonstrated in Figure 5.17 
below.
m m
\
Figure 5.17 Samples A -  D (left to right) from table 5.4
Figure 5.17 demonstrates there is a clear possibility of using LECy to aid solvation and 
processability for a novel BT resin. However, in all experiments the complete solvation of 
solid DDMBMI is not observed and therefore to achieve a liquid homogenous monomer 
system organic solvents seem necessary despite the liquid cyanate ester monomer aiding the 
solvation.
To quantify the improvement in processability perceived through observation, DSC 
analysis was performed on uncured blends of (l)9o(4)io and (2)9o(4)io to assess any 
differences in the onset of polymerisation and the overall enthalpy of the polymerisation, 
these data are summarised in Figure 5.18.
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Figure 5.18 D S C  comparison of (2 )9o(4)io  (black) and ( l )9 o (4 ) io  (red)
Figure 5 .1 8  demonstrates the differences in polymerisation between ( l )9 o (4 ) io  and (2 )9o(4)io  
with there being a clear shift of polymerisation to a lower temperature with the Tmax ca. 
10°C lower. However, the onset of polymerisation (To) is very similar in both blends and 
polymerisation enthalpy lower in ( l )9 o (4 ) io .  These trends are summarised in Table 5 .5 .
Table 5.5 DSC data of uncured BT resins
Sample designation To (°C) Tmax (°C) Enthalpy AH (J/g)
( 1 ) 9 o( 4 ) io 217 319 707
( 2 ) 9 o( 4 ) io 218 309 746
This demonstrable shift in the polymerisation profile to lower temperatures suggests that 
blending with LECy does indeed improve the processability with lower temperatures able 
to achieve complete cure. The use of a liquid monomer as a matrix has been demonstrated 
to impact on the polymerisation of these materials. Importantly, these data can be compared 
with those produced in the investigation of PT30 with DDMBMI to assess how the higher
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performing viscous oligomeric resin can impact on processability in comparison to the 
lower viscosity LECy and solid BADCy, as well as for assessment for improvements in 
thermo-mechanieal properties.
5.3.3 PT30 BMI systems
The initial phase of the investigation into a novel PT30 based BMI system was to 
investigate the polymerisation between the two monomers. With PT30 being an oligomeric 
high viscosity liquid resin it was anticipated that although the use of PT30 might improve 
processability when compared with the solid BADCy, it probably would not aid 
processability to the same degree as LECy. However, unexpectedly PT30 improved the 
processability of the BT resin system still further.
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Figure 5.19 DSC comparison of (2)9o(4)io (black), ( l )9 o (4 ) io  (red) and (3 )9o(4)io  (blue)
This finding is quantified in Table 5.6 where there is a marked decrease in not only the Tmax 
of the polymerisation between PT30 and DDMBMI but also the onset and indeed the 
enthalpy of reaction.
139
Table 5 .6  D S C  data o f  uncured B T  resins
Sample designation To (°C) Tmax (°C) Enthalpy AH (J/g)
( 1 ) 9 o( 4 ) io 2 1 7 3 1 9 7 0 7
( 2 ) 9 o( 4 ) io 2 1 8 309 7 4 6
( 3 ) 9 o( 4 ) io 1 9 5 3 0 0 5 7 3
To develop on the information gained on improvement in processability the reaction 
kinetics were investigated through kinetic DSC analysis. Conversion and reaction rates 
(Figures 5.20 and 5.21) demonstrate a simple one stage eure as seen for all BT resin blends. 
The activation energy of the polymerisation is produced in Figure 5.22.
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Figure 5.20 Conversion of (3)9o(4)io
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The activation energy data for the (3)9o(4)io blend exhibits an activation energy of between 
93 and 98 kJ/mol OCN which is lower than the original (l)9o(4)io blend which was found to 
have an activation energy of between 107 and 112 kJ/mol OCN. This suggests that the 
novel BT resin comprising PT30 and DDMBMI requires less energy to initiate the 
polymerisation.
Following the investigation into polymerisation kinetics, the thermo-mechanical properties 
of the blend were investigated to assess for whether there was any clear advantage in 
producing a bismaleimide triazine resin with the phenolic oligomeric cyanate moiety. 
Knowing that PT30 outperforms bisphenol A dicyanate in thermo-mechanical testing, it 
was hypothesised that the resulting blend between PT30 and DDMBMI would outperform 
the blend between BADCy and DDMBMI in thermo-mechanical tests. In attempting to 
optimise the novel BT resin, a series of blends were synthesised of various quantities of 
cyanate ester and BMI. This methodology is similar to that seen in Chapter 4 with the 
binary cyanate ester blends.
Table 5.8 Sample designation and % monomer content in novel BT resins
Contribution to blend (%)
Sample designation PT30 DDM BMI
( 3 ) 9 o( 4 ) io 90 10
( 3 ) 8 0 ( 4 ) 2 0 80 20
( 3 ) 70( 4)30 70 30
( 3 ) ôo( 4 ) 4 0 60 40
( 3 ) 50( 4)50 50 50
[] parentheses describe cured resin thus (3)9o(4)io becomes [(3)9o(4)io]
Laboratory observations were that thermally cured plaques were homogenous and void free 
in all cases although increasing the bismaleimide content led to an increased brittleness of 
the cured material. This tendency toward fracture was also observed with increasing the 
BMI content within BADCy DDM BMI BT blends. A feature attributable to the growing 
percentage of linear monomeric units within the blend, leading to an increasing linearity of 
the polymeric chains and tendency for fracture. Because of this increasing brittleness and
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propensity to fracture, the analysis of blends with increased BMI component was difficult 
however trends can be observed in the data that were produced.
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Figure 5.23 DMTA comparison of [( l)9 o (4 )io ]  (black) and [(3 )9o (4 )io ] (red).
Figure 5.23 illustrates the discrepancies between the original [(l)9o(4)io] (black) and 
[ ( 3 ) 9 o( 4 ) io ]  (red). Clearly there is an immediate advantage of incorporation of the 
oligomeric phenolic resin rather than the bisphenol type structures through enhanced 
thermo-mechanical properties. [ ( 3 ) 9 o ( 4 ) io ]  maintains a high degree of thermo-meehanical 
integrity, with storage modulus exhibiting a gradual decline up to 380°C at which point the 
experiment was terminated due to the limitations of the instrument being reached. Although 
this means it is not possible to deduce Tg it is still possible to infer the storage modulus of 
the material and enables comparisons between systems with incorporation of increasing 
quantities of BMI (Table 5.9).
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Table 5.9 Storage modulus data for homopolymers and blends through DMTA
Sample Storage Modulus (MPa) at 30°C
[(3)] 3294
[(4)] n/a
[(3)9o(4)io] 2990
[(3)8o(4)2o] 3220
[(3 )70(4 )30] 3271
[(3)ôo(4)4o] 3274
[(3 )50(4 )50] n/a
The result of increasing the quantity of BMI incorporated into the resin is that the storage 
modulus of the resin system increases. This ultimately results in an increasingly brittle 
network with it being impossible to analyse the 1:1 blend of [(3)5o(4)5o] and bismaleimide 
homopolymer [(4)] due to fracture during sample preparation. The implications of having a 
larger storage modulus are best understood when considering Young’s modulus. Young’s 
modulus describes the relationship between the stress applied to the material and the strain 
felt as shown in equation 5.1 where E is Young’s modulus.
E = s tress/s tra in  
Equation 5.1
In this series of experiments the stress applied to the materials was an oscillatory stress of 1 
Hz frequency whilst increasing the temperature of the chamber by 3K/min.
The higher the cross link density the greater the modulus, therefore, the lower modulus 
reflects an availability for increased segmental chain motion for the polymeric chains and 
as such the material is more flexible and less brittle. PT30 is a non-linear molecule 
compared to BADCy and DDMBMI, therefore the polymeric blend of PT30 and DDMBMI 
comprises a non-linear PT30 molecule combined with a linear BMI moiety. The 
discrepancies between the two blends also have foundations in the methylene bridges 
between aromatic rings of the PT30 molecule. These linkages allow for greater segmental 
motion of the polymer chains. This combination produces a material with greater molecular 
entanglements, with an increase in cross link density and reduced free volume, as well as a
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reduction in the linearity of polymeric chains. These idiosyncratic physical properties are 
best reflected in the thermo-mechanieal analysis performed which demonstrate a reduction 
in brittleness and an increase in thermal stability of the material when compared with the 
BADCy DDMBMI blends.
To further probe the thermo-mechanical properties of the PT30 DDMBMI BT blends, 
analyses of cured materials through TGA was carried out and compared against their 
respective homopolymers. (Figure 5.24).
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Figure 5.24 TGA data for all PT30:DDMBMI blends and homopolymers
The overlaid spectra in Figure 5.24 demonstrate the degradation profiles in terms of mass 
loss for the binary PT30 DDMBMI blends. An interesting observation was made regarding 
the degradation profile for [(3)9o(4)io]. When compared with the two homopolymers there is 
a small, but significant, improvement in char yield at higher temperatures. This is better 
visualised in Figure 5.25.
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Figure 5.25 TGA data for [(3)9o(4)io] demonstrating improved char yield
At 700°C there is a 6% increase in total char yield, which is more than a 35% relative 
increase in char yield in comparison with the PT30 homopolymer (Figure 5.25). The 
degradation data for the series of binary PT30 DDMBMI blends is summarised in Table 
5.10.
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With knowledge of the thermo-mechanical properties for a range of PT30 DDMBMI BT 
resins built up and a strong understanding of the reaction mechanism and polymerisation 
kinetics for a range of cyanate ester BMI BT resin systems it was possible to introduce a 
third monomeric component to the binary system in an attempt to further develop the novel 
material. Therefore, the best performing binary cyanate ester blends comprising high 
quantity PT30 with small quantities of LECy were blended with the BMI.
5.3.4 PT3 0 LECy BMI systems
To further the investigation into BT systems and the work conducted in Chapters 3 and 4 on 
binary cyanate ester species, the best performing binary cyanate blend of (3)9o(2)io was 
selected to be cured with DDMBMI producing a novel BT resin. It was anticipated that this 
novel system could both aid in the processability (as both cyanate species are liquids), 
outperform bisphenol A based BT resin systems in thermo-mechanical tests (due to the 
strongly performing PT30 component) and potentially take advantage of the reduction in 
outgassing observed in [(3)9o(2)io] blends.
Initially, an assessment was made regarding the effects on processability. This investigation 
utilised data produced in the investigation into whether LECy or PT30 could act as a 
solvating matrix discussed earlier in this chapter, combined with new data regarding the 
polymerisation of (3)9o(2)io with (4) producing (3:2)90:io(4)io. These data were again 
produced through DSC analysis and the comparisons given in Figure 5.26.
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Figure 5.26 DSC comparison of 3 BT resins; (2 )9o (4 )io  (black), ( l)9 o (4 ) io  (red), 
( 3 : 2 ) 9 0 : io ( 4 ) io (blue) and (3)9o(4)io (green)
It is demonstrated in Figure 5.26 that the blend between PT30, LECy and DDMBMI shifts 
the polymerisation exotherm to lower temperatures when compared with either the LECy 
DDMBMI blend or BADCy DDMBMI blend. This observation is quantified in Table 5.11.
Table 5.11 DSC data for uncured blends
Sample designation To (°C) Tmax (°C) Enthalpy AH (J/g)
( 1 ) 9 o( 4 ) io 217 319 707
( 2 ) 9 o( 4 ) io 218 309 746
( 3 ) 9 o( 4 ) io 195 300 573
( 3 : 2 ) 9 0 : 1 0 ( 4 )  10 189 302 696
The comparison between these four BT resins demonstrates that improvements in 
processability are possible through the use of liquid cyanate ester systems as a matrix. It is 
also apparent that the best performing resin systems, in terms of facilitating processability, 
are those that contain PT30.
149
The reaction kinetics were studied to produce data on whether the processability was 
improved by blending (3 )9o(2 )io  with (4) to produce (3:2)90:io(4)io .
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Figure 5.28 reaction rate data for (3:2)90:io(4)io
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Figures 5.27 and 5.28 provide an insight into the polymerisation at various heating rates 
with typical trends seen in terms of thermal lag and conversion profile.
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Figure 5.29 Kinetics data for (3:2)90:io(4)io
The reaction kinetics displayed in Figure 5.29 is typical of the BT resin systems with the 
salient feature of these datasets being the activation energy of the polymerisation. This 
information is given in Table 5.12.
Table 5.12 Activation energies of BT resins
Sample designation Activation Energy (kJ/moI)
(1)9o( 4 ) io 107 .42
(3)9o( 4 ) io 93.88
(3:2)90:io( 4 ) io 9 1 .53
The activation energy for (3:2)9o io(4)io is similar to that observed for (3)9o(4)io with there 
being no significant differences. This observation means that although there are subtle 
differences in terms of polymerisation enthalpy, onset and activation energy, the overall
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effect of ineorporating LECy into a blend between PT30 and DDMBMI has marginal 
effects on the polymerisation process. The differences in terms of thermo-meehanieal 
performance were investigated, like in previous studies, through DMTA and TGA.
£
S
zn
3
I
3000 -
2500 -
2000  -
1500 -
1000  -
500 -
50 100 150 200 250
Temperature (°C)
300 350 400
Figure 5.30 DMTA spectrum comparing BT resins and their storage modulus
The DMTA spectrum shown in Figure 5.30 Reveals that the initial storage modulus of the 
novel [ (3 :2 )9 0 : io( 4 ) io] is found to be similar to that of the blend between BADCy and 
DDMBMI, [( 1)90(4 )10], rather than the blend between PT30 and DDMBMI [(3)9o(4)io]. This 
is a significant finding as it suggests that the inclusion of a small quantity of LECy in a BT 
resin can increase the flexibility by reducing the initial storage modulus. Interestingly the 
drop in modulus observed in [(l)9o(4)io] is not seen in either of the novel blends containing 
PT30 as they maintain their modulus at higher temperatures. The glass transition is 
therefore not found for these materials as they exceed the instrument calibration limits 
much like the binary cyanate ester blends containing high quantities of PT30.
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Figure 5.31 TGA spectrum comparing BT resins and their storage modulus
The TGA data in Figure 5.31 demonstrate that [(3:2)90;io(4)io] displays the best thermal 
resistance at higher temperatures when compared with either the homopolymers of [(3)] and 
[(4)] and even outperforms the novel BT resin blend [(3)9o(4)io] which was shown to 
perform better than the homopolymers in Figure 5.25. It should be noted that this 
improvement in performance is very small and so the anticipated influence on applieation is 
minimal.
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5.4 Conclusions
This investigation into BT resins has provided some interesting results that further develops 
upon previous research in the area of cyanate ester BMI blends. The reaction mechanism 
has been probed and been shown to exist as an independent homopolymérisation of the two 
resin systems resulting in an IPN. This result has been verified by different forms of 
spectroscopy and provides a clearer picture of what has been an often misunderstood aspeet 
to the BT resin systems.
With the knowledge built up of a eurrent industry standard BT resin comprising BADCy 
with DDMBMI, it has been possible to manipulate the system in a number of different 
ways. The use of a chemical linker in GMA has resulted in deleterious effects on the 
thermal properties held by the cyanate ester bismaleimide blend although the plaques 
produeed are homogenous. Prior to the investigation it was antieipated there may be an 
improvement in proeessability through GMA inclusion, however, as this inclusion is in 
small quantities there are no distinct advantages in terms of aiding proeessability.
Switehing the eyanate ester monomer has resulted in large ehanges to themo-meehanical 
properties including increased modulus, Tg and Ta, as well as influencing the 
thermodynamic properties of the polymerisation of the curing resin with liquid monomeric 
systems seen to improve processability, in particular the oligomer PT30 resulting in the 
greatest aid to processability.
The inclusion of the optimal binary cyanate ester blend, found to be [(3)9o(2)io] through 
reductions in outgassing in Chapter 4 , with DDMBMI has been proved possible with subtle 
improvements in degradation profile when compared with either neat homopolymer or 
indeed binary BT blends between (3 ) and (4 ). If there was more time available in this 
research project it would have been appropriate to investigate these novel blends in extreme 
environments to assess their performanee prior to and following exposure. In particular, the 
blends with the optimal binary cyanate ester blend and BMI (3:2)90:io(4)io would be 
interesting to investigate to assess the improvements in outgassing of these materials.
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6. Molecular Modelling
6.1 Theory
Computational modelling for the way in which molecules behave has beeome one of the 
biggest areas of modem scienee [131]. With the inerease in eomputing power over the last 
twenty years it is now possible to simulate the properties and behaviours of almost all 
molecules, regardless of their chemical nature or indeed complexity of their structure. 
Molecular modelling enables seientists to perform countless virtual experiments on their 
computers in a fraction of the time it would take to perform practieally. These virtual 
experiments can be then practically replicated in the laboratory and the computational 
prediction, the model, can be reviewed against hard, practical evidence. Molecular 
simulations have the potential to save countless hours of practical investigation, not to 
mention potential savings on cost of materials and equipment, however for quantification of 
these potentials a life cycle assessment (LCA) would need to be condueted, giving a full 
understanding of all the potential implieations.
6.2 Modelling o f polymers
The molecular modelling of polymers is a more recent development in the area of 
computational chemistry. The early stages of eomputer modelling mainly focussed on small 
molecules that eould be easily analysed and investigated for their properties beeause of a 
minimised number of atomic interactions. Polymeric materials have a more complex 
environment regarding the energetie contributions of the atomie environment, and as sueh 
inereased numbers of calculations have to be performed when producing a reliable model 
that replicates a ‘true’ system. Early studies have mainly investigated epoxy systems [132- 
138] although polycyanurates [139] polybenzoxazines [140] and polyimides have also been 
subject to investigation with the latter polyimides subject to simulation for permeation of 
small molecules [132, 141, 142]. These caleulations have benefited from increased 
eomputing power and the second generation of foree fields, most notably the polymer 
consistent foree field (PCFF) [143] that has been used in this project to investigate the 
modelling of cyanates.
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6.2.1 Force fields
Accurate molecular simulation through molecular dynamics calculation is dependent on an 
accurate and suitable energy force field. This allows for the simplification of calculations 
based on molecular and system energies. The calculation of paramount importance in 
produeing a foree field is given (equation 6.1) where the potential energy of the system is 
ealeulated from a summation of other energies.
^potential ~  ^  i f  bonds d" ^angles  "b ^torsion  "b ^ non-bonds  "b ^charge')
Equation 6.1
The derivations of parameters related to equation 6.1 are included here for a complete 
explanation of the modelling process.
^bonds"^ E Kb (b — bo)^
Equation 6.2
Where Ky = foree eonstant, b = actual bond length and b^ = ideal bond length
(Hooke’s Law) v oc
p =  (miX  + m 2)
Equation 6.3
where m = critieal mass
^angles =  ~
Equation 6.4
Where UV/lR/Raman used to ealeulate Jcq. XRD to calculate 6.
^torsion  ~  E  ^ t ( l  "b COSjjjf)
Equation 6.5
Microwave spectroseopy used to ealeulate torsion force constants -  usually very small 
values so approximated. Where t = number of minimas. e.g. for Figure 6.1 below there are 
three possible orientations of the groups which exist in low energy states.
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Figure 6.1 One possible conformation that minimises torsional energy 
(Lennard-Jones) E^on-bond = EW 
Equation 6.6
Coulombs law: E c h a r g e  = E (  9 l% ? 2 ) /^ r  
Equation 6.7
Coulombs law is the product of two charges/distance where £ is dielectric constant 
(permittivity) and r is cutoff distance where no further interaction takes place.
These calculations are the prineipal equations whieh foree fields are reliant upon. PCFF 
(polymer consistent force field) [144] is a seeond generation force field (derived from 
molecular orbital calculations) specifically for application to polymers and organie 
macromolecules. Through advaneement from previous force fields it is known to produee 
good results in mechanical and thermal properties for a range of molecules and resin 
systems [133, 145]. Because of this it was ehosen as the foree field for all moleeular 
dynamies work carried out in this researeh.
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6.2.2 The Amorphous Cell
Amorphous cell is a suite of eomputational tools that allow you to construct representative 
models of complex amorphous systems and to predict key properties [146, 147]. In Figure
6.2 the Amorphous Cell is shown to be a single unit cell that is representative of the 
complete moleeular system.
0
Figure 6.2 PT30 BADCy 80:20 Stoiehiometry of unit cell prior to eyelotrimerisation
In setting up the Amorphous Cell, certain variables are input including the individual 
monomers with their desired stoiehiometry, the spécifié density of the system, and the 
energy of the unit cell including the forcefield type, eharges and summation methods [133, 
134]. Through the use of the Amorphous Cell algorithm a framework is set for accurate 
molecular interactions to take plaee with the user able to manipulate the energy of the 
system through minimisation and moleeular dynamics to achieve a system that yields data 
which are both reliable and representative of empirieal findings.
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6.2.s Minimisations
The molecular models are subjected to minimisations to reduce the overall energy of the 
system. A completely strain free, minimised molecule has a derivative value of zero when 
considering £"5tram s^ nd
So ideally:
^^strain = 0
Equation 6.8
where X is either E ^ o n d s»  ^angles’ ^torsion> ^non—bonds ^charge'
e g . £ £ ^  =  fc^2 (6 -6o )'.l 
Equation 6.9
This method is true for first generation derivatives namely, steepest descent and conjugate 
gradients. The difference between the two is that the steepest descent method involves the 
movement of an atom to a location with a view to minimising the total energy of the 
system, without prior knowledge of atom coordinates. Conjugate gradients work similarly, 
although ‘remember’ the locations where atoms have been located previously. This enables 
a quicker minimisation of the systems energy when compared to steepest descent.
Although these first generation derivatives give a good approximation for the system, for a 
truer representation of the minimised molecule, the genuine bond lengths and locations of 
atoms in space should be used in the derivative equation. This second generation derivative 
is known as adopted basis Newton-Raphson (ABNR) and makes use of discreet bond 
lengths and atomic locations calculated from XRD experimentation (Figure 6.3.) 
Mathematically this is achieved through the use of Cartesian coordinates for calculating the 
minimised energy of the molecular model (equation 6.10).
x,y,Z i
F ig u r e  6 .3  (where b =  bond length andx, y, z  are atomic coordinates.)
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Cartesian coordinates: b = — X2Ÿ  + (Ti “  y iŸ  + (^ 1  — ^2)^
Equation 6.10
Therefore the equation (with an ideal value of 0) becomes = 0
The Newton-Raphson second generation algorithm gives a better approximation of the true 
values of the vectors within the model and as such can better minimise the model closer to 
an energy value of zero.
e.g. for y = ax^ + bx + c ^  = 2ax + b and ^  = 2a°  dx dx^
^  (2axn + b\  ^  - 6  
" V 2ax„ ) 2a
Equation 6.11
6.2.4 Molecular Dynamics
Molecular dynamics truly observe a classical form of mechanics known as kinematics. 
Kinematics describes the movement of a system without consideration for the forces that 
cause the motion [148]. The range of possible movements is restricted by chemical bonds 
within the molecular model and observe Newton’s second law of motion.
Newton’s second law o f motion: Force = mass x acceleration 
Equation 6.12
Two of the three subjects of the equation are known in that;
Force = (as worked out previously) Mass = atomic mass (C^  ^N^ "^  etc.)
acceleration = fo rce /m a ss  
Equation 6.13
Integration in molecular dynamics is performed in time steps calculated in femtoseconds 
(10'^^) over a total dynamics time measured in picoseconds (10'*^). This results in a 
minimum of 1000 calculations being performed at a set temperature which allows a good
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summation for the dynamics of the system. The accuracy can be further increased by 
extending the time period from Ips to increase the number of calculations and subsequently 
increase the accuracy of the model.
The constant-temperature, constant-pressure ensemble (NPT) allows control over both the 
temperature and pressure. The unit cell vectors are allowed to change, and the pressure is 
adjusted by adjusting the volume (that is, the size and, in some programs, the shape of the 
unit cell) [149, 150].
6.2.5 Super Cell
To further improve accuracy of molecular models the size of the model can be adjusted 
through duplicating the unit cell in x,y and/or z directions where the user can react groups 
through the faces of the unit cell and then remove the boundaries between neighbouring 
cells. This produces a larger but still accurate unit cell known as a ‘Super Cell’ to which 
periodic boundary conditions are applied. Although potentially more accurate, the 
drawback in this approach is the requirement of high computing power and therefore time. 
Thus the user has to weigh up computing power with the production of accurate simulation 
[140].
i 1''
3^
Figure 6.4 PT30 BADCy 80:20 Stoichiometry of amorphous cell prior to
eyelotrimerisation
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6.2.6 Periodic Boundary Conditions
Periodic boundary conditions (PBC) are a set of conditions that enable the simulation of 
bulk materials through the replication of a unit cell infinitely in three dimensions. Therefore 
a partiele can traverse through one face of the unit cell and reappear on the opposite faee 
with an identieal velocity vector due to exact replicas of the simulated cell existing 
infinitely through adjoining cell faces. [151-153] PBCs are present for all simulations and 
data produced in these investigations.
6.2.7 Measurement o f glass transition
The glass transition of polymers can be modelled through computational simulation through 
an understanding of the physical changes that polymeric materials undergo leading up to, 
during and after the glass transition. Essentially molecular vibrations increase with 
increasing thermal energy being applied to the system until segmental ehain motion 
becomes possible. This is a transition from a fixed ‘glassy’ state to a more mobile ‘rubber’ 
phase. This phase change results in a decrease in density due to increasing free volume 
between polymer ehains and thus the Tg can be inferred from the change in gradient of 
density against an increasing temperature (Figure 6.5) [154].
I
Q
Temperature
Figure 6.5 Determination of Tg through thermal expansion effects
Therefore, molecular dynamics can be utilised by simulating the location and velocity of 
each atom in the system over a given period of time through a range of temperatures. From 
these data a graph similar to that shown in Figure 6.5 is produced enabling the prediction of 
Tg for the model.
162
6.3 Binary Cyanate ester Blends: Results and Discussion
Computational modelling of cyanate ester homopolymers and binary blends was for 
prediction of thermal and moisture uptake properties. These data could then be compared to 
the empirical data to view how well the model replicated the true properties of the material.
The computer models were built by individually constructing each monomeric component 
through manual bonding of atoms to molecules. These monomer building blocks were then 
reaeted through the known eyelotrimerisation reaction between cyanate ester groups. This 
step was also performed on an individual basis without the use of a script coding for the 
polymerisation of cyanate esters. Understandably, this step is liable to procedural error as 
the operator needs to be meticulous in their nature in order to produce a system comparable 
with empirical studies. When building the monomeric components, the stoichiometry is of 
significance, as one must ensure that the model being built is a true reflection of the 
material in question. This is particularly true for the phenolic monomer PT30 where there 
are five geometric variations on the location of the methylene bridge (figure 6.6) [106].
o-o-o-o = 5% 
o-o-o-p = 5% 
o-o-p-o = 12% 
o-o-p-p = 20% 
p-o-p-p = 58%
Figure 6.6 Stoichiometry of PT30 utilised in model construction
The models built were routinely subjected to energy minimisations in order to reflect a 
system in its energetically lowest state, as would be found in nature. Upon the final 
eyelotrimerisation, the models were exposed to a longer minimisation proeess, following 
which the polymer network was equilibrated through molecular dynamics at an elevated 
temperature (+50K above Tg). Upon equilibration a temperature cycle was run plotting the 
change in density as a function of temperature to give information regarding thermal 
transitions.
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6.3.1 Optimisation
The initial dataset produced were for the binary eyanate ester blends with an alternating 
single double bond triazine ring system comprising of between 3580-6224 atoms. These 
initial models were later adapted in an attempt to produce data that gave a better fit when 
compared with actual data. These second generation models were identical in all aspects 
apart from having a delocalised triazine system in the cured network, rather than the 
alternating single and double bonds present in the triazine rings of the initial molecular 
models (Figure 6.7).
Figure 6.7 Alternating single/double bonds (left) delocalised triazine (right)
To further develop the models and produce simulated data that truly reflected practically 
obtained data, these second generation models with delocalised triazine rings were 
increased in size from the original ca. 3500-6000 atoms to ca. 9000-12000 atoms. 
Therefore, three generations of cyanate ester models have been produced and tested, with 
each generation incrementally building on the achievements of the previous generation and 
thus enabling accurate simulation of polyeyanate esters and their thermal properties.
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Figure 6.8 [(3)8o(l)2o] comprising 6224 atoms.
Figure 6.9 [(3)8o(l)2o] comprising 11384 atoms. 
165
Y
z j
6.3.2 Thermal transitions in binary polyeyanate ester blends
For all homopolymers and binary blends an aeeurate prediction of thermal charaeteristics 
has been achieved. By modelling over a large range, from 0 °C to beyond the onset of 
degradation temperature at 500 °C, several thermal events are evident in each model. The 
values produced for glass transition and onset of degradation conform particularly well to 
practically obtained data through DSC and DMTA. The accuracy of the models are also 
well described with the prediction of a thermal transition ca. 80 °C in models in which 
BADCy is present -  this around the known melting point of BADCy and as such goes to 
prove the degree of accuracy within the molecular systems designed.
Models like that depicted in Figures 6.8 and 6.9 are built up by hand, and in doing so the 
degree of accuracy within the system is limited by the accuracy of the simulator. Attention 
to detail with precision and accuracy is a requirement for the model to produce reliable 
results. The temperature cycle programme yields a large amount of data that through 
mathematical models yield a graph such as that in Figure 6.10.
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Figure 6.10 M D  data from  m od el o f  [( 1)50(2 ) 50]
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Graphs like this yield information drawn from the change in molecular density as a function 
of temperature that gives an insight into the thermal properties of the model.
In this example there is a observable transition around 80 °C -  this is the melting of 
BADCy, there is another subtle transition around the 220 °C region with the main glass 
transition found at 280-300 °C. The onset of thermal decomposition is difficult to judge, 
however, there is a clear gradient change after ca. 390 °C which signifies the main 
degradation stage.
These data conform well to experimentally produced data and are a good representation of 
the possibility of simulating polymeric blended systems with models that yield accurate and 
reliable data. However, using this calculation method requires the user to make a judgement 
on where the glass transition is rather than produce a definitive numerical value for the 
transition. To remove the potential for user error in inferring the simulated Tg a new 
calculation method was implemented that produced data as shown in Figure 6.11. This was 
made possible through calculating the location of the most significant gradient change in a 
large two dimensional dataset.
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Figure 6.11 Data from model of [(1)50(2 )50] with optimised calculation method
In Figure 6.11 the Tg is demonstrated to be 295 °C for the blend [(1)50(2 )50]. This optimised 
calculation method has been utilised in all analyses of simulated molecular dynamics data 
with the results of the molecular simulations and comparison with empirical data contained 
in Tables 6.1 and 6.2 respectively.
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The methodology employed in creating this data set for the binary blends of cyanate esters 
can be adapted and used for the analysis of other properties such as the mechanical 
properties or alternatively the models could have impurities such as adventitious water 
incorporated into the molecular system, with its effect on both thermal and mechanical 
properties simulated. Equally, this modelling methodology could form the basis of 
simulating other molecular systems with blends of cyanate esters and other thermosets such 
as BMls, benzoxazines and epoxies.
These latter two possibilities (simulation of moisture effects and cyanate esters with other 
thermosets) are the focus of the modelling work in the latter portion of this chapter, utilising 
the framework and data produced from the simulation of binary cyanate ester blends as a 
foundation for further simulations.
6.3.3 Physico-chemical properties and simulation o f moisture absorption
In order to produce valid models that reflect the behaviour of cyanate esters exposed to H2O 
it was felt that a thorough understanding of the physico-chemical properties held by the 
modelled polycyanurate networks was of paramount importance. In particular, bond lengths 
and free-volume size were felt to be key features influencing water absorption into the 
cured network. These two parameters were chosen as they enable quantification of both the 
accuracy of the initial model and provide a 3D map of available space for H2O diffiision.
6.3.4 Comparisons o f bond lengths
The bond lengths for delocalised triazine rings were analysed for all molecular models. 
These bond lengths, between carbon and nitrogen atoms within the aromatic triazine 
structure, were analysed for their length using the forcite programme. The relevant 
literature suggests that the typical bond lengths between carbon and nitrogen when a bond 
order of 1.5 is present within an aromatic ring structure should be between 1.329 Â and 
1.344 Â [155]. These data then conform well with the predicted bond length and as such 
provides more evidence that the models produced are indeed a reliable simulation of the 
chemical structures. Clearly there is a discrepancy in the model of the blend between [(l)6o- 
(2 )40], where, although the majority of carbon nitrogen delocalised bonds demonstrate a 
bond length of ca. 1.34 Â, there are longer bond lengths of ca. 1.65 Â and 1.87 Â present 
within the model (see Figure 6.12).
171
■§
I
4 0  -
3 0 -
10-
0 -
50-50
60-40
70-30
80-20
90-10
—I—'—I '—I—'--1—'--1—:—I '—I—'—I—'—I '—I—'--1—'—I r-|--1—I—1--1—I 1--1—I
1.15 1.20 1.25 1.30 1.35 1.40 1.45 1.50 1.55 1.60 1.65 1.70 1.75 1.80 1.85 1.90 1.95 2.00
Distance (Â)
Figure 6.12 Data from model of [(l)x-(2)y]
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Figure 6.14 Data from model of [(3)x-(2)y]
These data on bond length demonstrate valid models that are representative of the 
empirically synthesised blends. From having this information it is then possible to continue 
the investigation of the molecular models by calculating the free volume space within the 
cured network. This is a feature that should directly influence the uptake of moisture into 
the cured polymer.
6.3.5 Free volume size and water absorption modelling
Modelling of moisture uptake has been successfully performed for epoxy systems 
previously [138] however it has not been successfully performed for cyanate ester 
polymers. To assess the free volume size within the molecular models, the Connolly surface 
was deduced through calculation. The Connolly surface works by setting up a grid of 
vectors in three dimensional space throughout the model. These point vectors are set out in 
regular grid intervals (0.25 Â was chosen) and then a radius set around these point vectors 
tuned to the radius of the solvent of interest. As water (1.4 Â.) was chosen, for accuracy, 
this spherical radius around each individual grid point then has further radii drawn from 
regular points around the surface of the sphere and spherical volumes set up around the 
outside of the original sphere (see Figure 6.15).
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Accessible surface area (ASA)
Solvent radius probe
Van der Waals surface area
Figure 6.15 2D visualisation of free volume mapping
This eombination yields an aceurate pieture of the volume within the unit cell and 
subsequently how much free volume is aecessible to the solvent speeies within the cured 
model (see Figure 6.16).
%
Figure 6 .1 6  H 2O a ecess ib le  free v o lu m e w ith in  [( 1)50(2)50]
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In a separate trajectory file, where atomic positions, locations and forces can be ealculated, 
a moleeule of H2O is built and the energy minimised. This molecule is then packed as many 
times as possible into the free volume calculated, thus creating a polymeric material that is 
fully saturated with water (Figure 6.17).
z j
Figure 6.17 H2O incorporated into accessible free volume within [(1)50(2 )50]
This teehnique was repeated for all binary eyanate ester blends yielding information 
regarding the available free volume within the eured networks and the percentage of water 
that each material was able to absorb at saturation (see Table 6.3).
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The modelling of moisture ingress in binary eyanate ester blends has been proved possible 
through this investigation with results that aeeurately replieate empirieally observed data, as 
shown in Table 6.3. It should be noted that this methodology only holds true for fully 
saturated materials that follow a Fickian diffusion pattern. Cyanate esters are known to 
observe Pick’s law of diffusion and this observation is also true of the novel binary cyanate 
ester blends synthesised in this research project, as has been demonstrated in Chapter 4. 
Therefore, this methodology is suitable for these materials although may need further 
research to determine whether it is suitable for other polymeric systems.
Following the quantitative analysis of moisture ingress, the effects on thermal transitions 
were investigated through the same teehnique as had been applied to neat eured materials 
earlier in this chapter. The deleterious effect of moisture ingress on thermal properties has 
been demonstrated in chapter 4 with a clear reduction in glass transition in all cyanate ester 
species. This empirical data enable a comparison to be drawn between the novel blends and 
their virtual simulated counterparts see Figure 6.18 as an example.
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Figure 6.18 demonstrates the possibility of modelling thermal transitions in binary cyanate 
ester blends following saturation with moisture within the free volume of the network. 
There is a clear correlation with the measured empirical data given here as the loss modulus 
(blue) with the density gradient change witnessed as Tg from molecular dynamic (MD) data 
(black scatter). However, as can be seen in Table 6.4, this potential is not realised for the 
majority of these materials with data of insufficient quality being produced for many of the 
binary cyanate ester blends.
Table 6.4 MD vs. empirical data for Tg of saturated binary cyanate ester blends
Blend Tg empirical (°C) TgMD(°C)
[( 1)50(2 )50] 195 190
[(1)6o(2)4o] 188 n/a
[(1)70(2 )30] 190 180
[(1)8o(2)2o] 190 260
[(1)9o(2)io] 196 260
[(3 )50( 1)50] 209 n/a
[(3)6o(1)4o] 206 240
[(3 )70( 1)30] 209 n/a
[(3)so(1)2o] 209 n/a
[(3 )90( 1) 10] 211 n/a
[(3 )50(2 )50] 210 340
[(3)6o(2)4o] 211 n/a
[(3 )70(2 )30] 213 n/a
[(3)so(2)2o] 207 n/a
[(3)9o(2)io] 208 210
It has not been possible to produce accurate simulations of Tg or other reliable data for a 
number of binary cyanate ester blends due to no significant gradient change occurring in the 
density vs. temperature graph prior to degradation. The influence of water on glass 
transition is known to be deleterious as has been demonstrated in Chapter 4 with cyanate 
esters known to react with absorbed water at elevated temperatures further reducing the 
glass transition. This influence of water is not observed in the majority of blends with a 
possible reason being that in a fixed model the water will not react with the cured polymeric
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structure. Another possible reason is that with the free volume saturated with interstitial 
water molecules it is impossible for the model to increase segmental motion between chains 
observed as the glass transition. Rather, the chains largely remain fixed due to volumetric 
constraints until reaching a degradation temperature at which point the model breaks down 
with ring spearing occurring as well as bond lengths exceeding permitted ranges -  an 
impossibility in nature and seen as the breakdown of the model.
In table 6.4 the blends in which it has been possible to produce valid data are highlighted in 
bold. One particularly accurate simulation is that of the blend between [(3)9o(2)io] with the 
simulated Tg of the exposed blend calculated to be 210 °C (Figure 6.19).
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Figure 6.19 MD data for [(3)9o(2)io] following moisture exposure
It has been demonstrated in Chapter 4 that this blend behaves differently to the other binary 
cyanate ester blends produced in this research project with no outgassing occurring from 
reaction with water producing carbamate. Although no direct reaction is occurring, the glass 
transition is still reduced by infiltration of water molecules into the cured network. This is 
due to the swelling of the cured plaque and increase of interstitial free volume facilitating
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the segmental chain motion that occurs at glass transition. A comparison of empirical data 
vs. molecular simulation of [(3)9o(2)io] is given in Figure 6.20.
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Figure 6.20 MD vs. empirical data for [(3)9o(2)io] following moisture exposure
Following the attempt at molecular dynamics simulation of complex systems with inclusion 
of interstitial water the logical progression was molecular modelling of the other cyanate 
ester blend studied through this research project in the analysis of a BT resin.
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6.4 Modelling o f  BT resin
Following the simulation of binary cyanate esters for their thermal properties and behaviour 
in wet environments, the focus of the modelling work moved into a new system of 
polymeric materials. In Chapter 5 extensive research was carried out into BT style resins 
that comprise a small quantity of bismaleimide within a cyanate ester matrix. The 
knowledge and data produced through this investigation was comprehensive and anticipated 
that it may enable accurate molecular simulations of BT systems for the first time.
The crucial piece of information to the modelling of a BT resin is a thorough and definite 
understanding of the reaction mechanism and the polymeric network produced. From 
learning that the network produced between cyanate ester and BMI in the absence of 
catalyst was an interpenetrating network a modelling technique could be established 
ensuring monomeric units only reacted with their identical monomeric counterparts rather 
than co-reacting thus creating an IPN.
The models were produced in an identical methodology as had been done for the molecular 
modelling of the binary cyanates explained earlier in this chapter and in Chapter 2 with one 
significant exception to the technique. In order to produce valid molecular models of BT 
resin the dynamics time had to be increased substantially from 10 ps to 1 ns. This bigger 
time step enabled complete equilibration of the system and thus a valid model (Figures 
6.21-6.24).
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This increase in molecular dynamics duration was required to produce accurate calculations 
on Tg. It is clear in Figures 6.21 and 6.22 that the model is not fully equilibrated at the 
elevated temperature of the molecular dynamics simulation and it is the potential energy of 
the system that requires a longer time step. The fully equilibrated model is shown by 
Figures 6.23 and 6.24. This increase in dynamics duration required considerably more time 
and computing power to complete than the binary cyanate ester blends. However, the 
resultant data produced from these MD calculations are of high quality and demonstrate the 
possibility of modelling BT style resin systems (Figures 6.25 and 6.26).
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Figure 6.25 MD data for [(l)9o(4)io]
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Figure 6.26 MD V5. empirical data for [(l)9o(4)io]
The data produced, shown in Figures 6.25 and 6.26, demonstrate a clear Tg of 250 °C in the 
blend. Figure 6.25 contains purely simulated data for the molecular model with the 
comparison between MD and empirical data shown in Figure 6.26.
It was discussed earlier in this chapter that there is always a trade-off between simulation 
accuracy and time/computing power requirements by the user. This BT system was found 
to require a significantly longer dynamics stage than the binary cyanate ester blends and 
although this has produced accurate results the time taken to do so is an overwhelmingly 
negative consequence with it being significantly quicker for the user to synthesise this 
blend in the laboratory and then test it for thermal transitions through DMTA/TGA. As 
such it was felt that although a series of BT blends were empirically produced and analysed 
in Chapter 5, the accurate simulation of each blend is not warranted with such a demand on 
time and computing power to produce accurate results. The significance and importance of 
this work in producing an accurate simulation technique for BT systems should not be 
under estimated. The advent of higher computing power will facilitate these calculations 
enabling further simulations of unknown and complex BT systems to be conducted in 
future research.
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In a complementary study, the prediction of glass transition and degradation onset was 
performed through quantitative structure property relationship (QSPR) modelling using the 
Molecular Operating Environment (MCE) software. The teehnique of QSPR modelling for 
the predietion of thermal transitions requires the user to first build an aecurate moleeular 
model (Figure 6.27) and then ealeulate various parameters relating the struetures of these 
molecular models to their physico-ehemical energies.
Figure 6.27 Molecular model of [(1)50(2 )50]
Table 6.5 defines the parameters of importance in the formulation of a predictive value for 
thermal transitions, with the ealculated values of these descriptive parameters given in table 
6 .6 .
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T a b le  6 .5  D efin itio n s  o f  m oleeu lar deserip tor param eters
Descriptor Definition
ASA Water accessible surfaee area ealeulated 
using a radius of 1.4 A for the water 
molecule. A polyhedral representation is 
used for eaeh atom in caleulating the surface 
area.
ASA+ Water aeeessible surface area of all atoms 
with positive partial charge (strictly greater 
than 0).
ASA- Water accessible surface area of all atoms 
with negative partial charge (strictly less 
than 0).
vdw vol van der Waals volume (Â^) calculated using 
a conneetion table approximation.
vol van der Waals volume ealculated using a 
grid approximation (spacing 0.75 A).
VSA van der Waals surface area. A polyhedral 
representation is used for each atom in 
calculating the surface area.
E Value of the potential energy. The state of 
all term enable flags will be honored (in 
addition to the term weights). This means 
that the current potential setup aeeurately 
refleets what will be ealculated.
E_nb Value of the potential energy with all 
bonded terms disabled. The state of the non­
bonded term enable flags will be honored (in 
addition to the term weights).
E s t r Bond stretch potential energy. In the 
Potential Setup panel, the term enable 
(Bonded) flag is ignored, but the term 
weight is applied
Estrain Local strain energy; the current energy 
minus the value of the energy at a near local 
minimum. The eurrent energy is ealeulated 
as for the e descriptor. The local minimum 
energy is the value of the e descriptor after 
first performing an energy minimization. 
Current ehirality is preserved and charges 
are left undisturbed during minimization. 
The structure in the database is not modified 
(results of the minimization are discarded).
Weight Molecular weight including implicit 
Hydrogens
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From the ealeulation of a set of energetie parameters for a number of different models it is 
then possible, through multi-linear regression, to produee an equation predicting an 
unknown variable. This methodology has been successfully performed for high 
performance polymers previously [156, 157]. It was antieipated that this study, in 
eombination with the simulations produced through Materials Studio software, would give 
any ftiture user greater eonfidence in the accuraey of predications made through the 
modelling of polycyanate homopolymers and blends. The prediction of thermal transitions 
is given in table 6.7.
Table 6.7 Comparison of simulated and observed thermal transitions
Model Tg Td
Simulated Actual Simulated Actual
[(!)] 260.00 - - -
[(2)] 259.99 - - -
[(3)] 400.00 - - -
[(1)50(2 )50] 292.12 288 408.69 413
[(1)60(2)40] 294.13 296 416.61 416
[(1)70(2 )30] 293.13 293 407.75 415
[(1)so(2)2o] 286.13 286 410.21 400
[(1)9o(2)io] 288.13 288 411.51 410
[(3 )50( 1)50] 344.96 345 416.29 419
[(3)6o(1)4o] 342.67 342 416.82 420
[(3 )70( 1)30] -L33 380 427.01 420
[(3)so(1)2o] 0 ^ 2 325 ' 414.13 420
[(3 )90( 1) 10] 388.63 390 421.15 420
[(3 )50(2 )50] 335.95 337 422.09 420
[(3)6o(2)4o] 330.36 330 418.40 420
[(3 )70(2 )30] 332.82 332 428.50 420
[(3)so(2)2o] -1.03 325 413.11 420
[(3)9o(2)io] 0.99 n/a 422.32 420
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The equations for the predietion of the thermal transitions in table 6.7 are given below.
Homopolymer Tg prediction
Correlation coefficient (R^) = 0.99981 
Root mean square error (RMSE) = 0.00036
Equation: Tg = -175.04182+72.00119*vol-47.32001*vdv_vol-6.52273*VSA-
0.86921 * AS A-+4.22684* ASA+
Blends Tg prediction 
BADCy LECy
Correlation coefficient (R^) = 0.99999 
Root mean square error (RMSE) = 0.00001
Equation: Tg = 568.48959+(0.2208*ASA+)-(0.06122*ASA)-(0.16769*ASA-
)+(0.015*Weight)
RELATIVE IMPORTANCE OF DESCRIPTORS
1.000000 ASA+
0.854085 ASA 
0.708230 ASA- 
0.553557 Weight
PT30 blends
Correlation coeffieient (R^) = 0.99997 
Root mean square error (RMSE) = 0.90813
Equation: Tg = 52550.36748+(6.37742*vdw_vol)-(0.65754*ASA)+(9.82909*ASA-)-
(5.68660* AS A+)-(20.04*VSA)+(24.03311 *E_str) 
+(12.10916*E_strain)+(8.19415*Weight)-(2.00938*E)
RELATIVE IMPORTANCE OF DESCRIPTORS
0.442870 vdw vol
0.021370 ASA
0.278127 ASA-
0.119074 ASA+
1.000000 VSA 
0.046183 E_str
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0.005127 E strain 
0.435798 Weight 
0.038485 E
Td prediction
Correlation eoefficient (R^) = 0.99942 
Root mean square error (RMSE) = 4.54895
Td = -6.06075+(0.00453*ASA)-(0.02427*vol)+(0.12573*E)-
(0.12579*E_nb)+(0.03401 * ASA+)
RELATIVE IMPORTANCE OF DESCRIPTORS
0.197247 ASA
1.000000 vol
0.866074 E
0.441640 E_nb
0.705073 ASA+
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It was found during the analysis of the polymeric blends that to achieve a value of 
>0.999 for Tg prediction, then the blends containing PT30 required analysis separately to 
the blends between BADCy and LECy. It was felt that this was due to the difference in 
molecular properties held by the oligomeric phenolic cyanate ester compared with the 
bisphenol type structures of BADCy and LECy. These discrepancies leading to a difficulty 
in finding patterns between the sets of models and as such a difficulty in producing a single 
equation for predicting Tg values.
Through the use of computational models we have been able to produce equations that 
predict both Tg and Ta to a generally high degree of accuracy. However, the equations 
produced do not predict the Tg for blends [(3)7o-(l)3o], [(3)8o-(l)2o], [(3)80-(2)2o], and [(3)90- 
(2 )io ]. This may be due to inaccuracies in the models built, leading to an erroneous result. It 
should be noted that there has been previous difficulty in producing accurate models 
between PT30, BADCy and LECy where PT30 is present in quantities of around 70%. 
Models between these blends have often given two discrete Tg values when performing 
molecular calculations through Materials Studio software. A feature that is not present in 
the synthesised materials who show a single Tg value [158].
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6.6 Conclusions
Through both Molecular dynamics (MD) simulation and quantitative structure property 
relationship (QSPR) modelling it has been proven that thermal properties of cyanate ester 
blends can be accurately calculated through computational simulation. These accurate 
calculations are reliant on a modelling methodology that has been optimised through the 
meticulous nature of this investigation.
It has been demonstrated that through manipulation of modelling methodology, neat resin 
thermal transitions, including the glass transition and onset of degradation, can be modelled 
not only for cyanate ester homopolymers and binary blends, but of more complex systems 
involving other thermosetting polymers such as BMIs. However, despite accurate results 
being gained for a BT system the requirement of long dynamics time and increased 
computing power for longer MD is a current drawback to the technique.
The ability to model water uptake into cured polycyanurate blends has also been established 
with an accurate prediction of amount of water absorbed by cured blends, although 
modelling of thermal effects of absorbed water has yielded mixed results. The accurate 
prediction of moisture ingress is an aspect of the modelling work conducted in this research 
project that could be of immediate use in industry or elsewhere. The calculations performed 
to produce accurate simulations of amount of water uptake required a fraction of the time 
taken for traditional empirical studies to be conducted. This technique could therefore 
potentially save years of experimental time through computational simulation.
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7. Conclusions and Further work
Through the pursuit and completion of this research project in a logical and meticulous 
fashion, it has been possible to produce methodologies and results that are novel in 
approach, and both accurate and precise in terms of data production for a range of avenues 
of experimentation. Not only this but the work conducted and contained herein could form 
the foundations of future research in both empirical and computational simulations of high 
performance polymeric systems.
Following a comprehensive review of available literature regarding cyanate esters and their 
application, a set of novel binary cyanate ester blends were synthesised. The polymerisation 
between binary blends has been studied with relevant spectroscopic and kinetic information 
regarding the reaction described in Chapter 3. These novel materials were found to display 
thermo-mechanical properties similar to their homopolymer counterparts whilst the 
polymerisation of any blend is facilitated through the use of the liquid bisphenol E 
dicyanate ester. Binary blends containing PT30 have been shown to have a reduced 
enthalpy of polymerisation, end point of polymerisation and a tendency to absorb more 
moisture than blends without PT30. This behaviour in moisture is true for cured samples 
both exposed to elevated humidity and directly immersed in H2O. This may be related to 
the free volume size within the cured network, with blends containing PT30 hypothesised to 
have a reduced interstitial free volume size. The degree of cure is another factor as the 
relatively short chain length exhibited by PT30 would reduce the possibility of complete 
reaction as free cyanate groups may be prevented through steric hindrance. Any unreacted 
cyanate groups would attract polar water molecules and either undergo hydrolysis or 
interact with the water through electrostatic forces. Combined with the reduced interstitial 
free volume size, the water would effectively be trapped within the structure unable to 
egress.
In the investigation into performance in extreme environments the novel materials were 
exposed to elevated humidity, direct immersion in H2O, H2SO4 and NaOH at room 
temperature and accelerated testing with direct immersion in H2O at 100 °C. Observations 
were made on the integrity of the materials throughout exposure, changes in mass and their 
thermo-mechanical performance following an extended period of exposure. All materials
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were shown to increase in mass when exposed to moisture, with this ingress of moisture 
reducing the glass transition of the cured materials. The outgassing of cured plaques, with 
bubbles of CO2 forming within the resin, was observed in all but one binary blend 
( [ ( 3 ) 90( 2 ) 10] ) .  Outgassing of cyanate esters has long blighted their application in industry 
and to produce a material which is wholly polycyanurate that avoids this phenomenon is 
significant.
Following the thorough investigation of the novel binary cyanate ester blends in extreme 
environments the research project focussed on systems between cyanate ester and BMI. 
These BT materials were analysed for their polymerisation mechanism with it being shown 
that the network structure was that of an IPN rather than co-reaction between monomeric 
units. The bisphenol E dicyanate ester was found, like in the binary cyanate ester study, to 
reduce the enthalpies of polymerisation, whilst the use of the phenolic PT30 resin with 
DDMBMI yielded a material with the highest thermo-mechanical performance.
In parallel to the empirical studies, computational simulations were produced of the binary 
cyanate ester blends as well as one BT resin. Through three generations of optimisation it 
was shown to be possible to accurately predict both glass transition and onset of 
degradation for two different modelling techniques. Not only this, but through analysing the 
free volume within the simulated cured network it was possible to accurately predict the 
degree of moisture uptake of the polymer blends. This latter methodology of accurately 
predicting moisture uptake is felt to be of greatest potential significance as it removes the 
need for empirical experimentation over several years with accurate results produced 
through simulation in less than a day.
Further work
The results produced from investigations conducted in the completion of this research 
project have yielded a number of potential avenues for further research.
Investigating the network structure through microscopy with a technique such as SEM 
would be highly beneficial to this research, in particular to probe for possible reasons why 
outgassing does not occur in [(3)9o(2)io]. With clear images of network architecture it would 
enable comparisons to be drawn between blends as well as homopolymers to potentially 
lead to conclusive evidence to support or contradict the hypotheses laid out in this thesis.
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Further empirical work should also be carried out on the BT blend [(3:2)90;io(4)io] to 
investigate whether this material outgasses like the homopolymers or follows the 
observations of no outgassing made on [(3)9o(2)io]. This experimentation would require a 
thorough methodology to ensure validity of results with a number of environments much 
like in Chapter 4.
There is also the possibility of extending the research into other polymeric systems such as 
blends between benzoxazines and cyanate esters. Again this could be pursued in the same 
way binary cyanate esters and cyanate ester BMI blends are being investigated.
Another opportunity would be to develop the best performing binary blend [(3)9o(2)io] into 
a composite system or indeed look at the effect of additives into the resin system and how 
they affect property performance. There is a considerable amount literature available on the 
incorporation of carbon nanotubes into cyanate ester resins [159-163] which could be a 
route for investigation, however to maximise the novel nature of this project, the 
incorporation of other materials such as POSS (polyhedral oligomeric silsesquioxane) 
should be considered, as although there is literature on the subject area, it is limited in 
comparison to the research conducted with other additives [164, 165].
Future molecular modelling of the binary blends produced in this research project could be 
aiming to predict mechanical data such as modulus, include further impurities such as 
solvent molecules or indeed model blends with the inclusion of nano-modifiers. It is 
anticipated that these computer simulations would require a degree of optimisation to 
improve their accuracy and would evolve over a series of generations with tweaking of 
variables such as model size, simulation times and more to produce simulations comparable 
with empirically derived data.
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Appendices
Appendix 1. Names and structures of materials in main literature (see Chapter 1)
Material Trade Name Structure
Bisphenol M Cyanate Ester XU-366 H.C CH, H3C CH;
N=  O O = N
Dicyclopentadienylbispheno 
1 Cyanate Ester
XU-71787 O CN
Bisphenol A Cyanate Ester B-10
N=  O O  = N
Tetramethylbisphenol F 
Cyanate Ester
M-10
/  \
\  /
CH3
Bisphenol E Cyanate Ester L-10 H3C H
Nl=  O O --------
Hexafluorobisphenol A 
Cyanate Ester
F-10
N=  O' O  = = N
Bisphenol C Cyanate Ester BPCCE
Phenol Novolac Cyanate 
Ester
XU-371/
PT30
N . N
2 0 6
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A B S T R A C T
Three cyanate ester m onom er or oligom er species: 2,2-bis(4-cyanatophenyl)propane 1, l- l -b is (4 -d ic y a -  
natophenyljethane 2. and the oligom eric phenolic cyanate (Primaset™ PT30) 3, are blended in various 
ratios to form binary mixtures, formulated w ith  copper(Il) acetylacetonate (200 ppm ) in dodecylphenol 
(1% w /v  active copper suspension) and cured (2 K/min to 150 °C + 1 h; 2 K/min to 200  °C + 3 h) follow ed  
by a post cure (2 K/min to 260 °C + 1 h). Thermal analysis using DSC reveals good agreem ent w ith  liter­
ature data for the hom opolym ers: typical polym erisation enthalpies o f ca, 9 7 -9 8  kj/mol. cyanate are 
obtained for 1 and 2, with slightly lower values (ca. 8 0 -9 0  kj/mol.) obtained for Primaset™ PT30. DMTA 
data show  the possibility o f using binary blends of the polym ers to yield novel m aterials w ith  sim ilar  
thermal and mechanical properties to Primaset™ PT30, w hile  improving the processability o f the m ore 
highly aromatic oligom er. Two of the hom opolym ers (1 and 2) and a binary (1:1) blend o f the sam e w ere  
sim ulated. Molecular dynam ics experim ents reveal good agreem ent w ith  em pirical data generated using  
DSC, DMTA and TGA.
© 2012  Elsevier Ltd. All rights reserved.
1. Introduction
Cyanate esters constitute a family of addition cured high perfor­
mance, thermosetting polymers, which occupy a niche intermedi­
ate between high glass transition temperature (Tg), tetrafunctional 
epoxy resins and bismaleimides (BMIs) [1]. The combination of 
favourable thermal and mechanical performance (dry Tg values of 
27 0 -3 5 0  °C are common with a strain at break of over 5-8%) cou­
pled with low dielectric loss properties (a low dielectric constant of 
ca, 2.7 with a loss tangent of 0.003’ is typical) make cured cyanates 
attractive and able to offer a unique property profile. Although 
requiring toughening for some engineering applications, cyanates 
can be combined with inherently tough engineering thermoplastics 
(HexPly 954-2A, Qc = 250J/m^) [2,3] or elastomers (HexPly 953-3, 
Cic = 450j/m^) [4] to yield impressive enhancements. In this form 
they typically find application as matrices in advanced composites 
(either in combination with epoxy resins in aerospace applications 
[5,6]) or with BMIs as dielectric polymers in the microelectronics 
industry [7]. The rationale for the preparation of the binary blends 
presented here is to examine the potential for deriving improved 
properties (physical and mechanical) through the co-reaction of 
chemically compatible monomers. To date, aside from isolated stud­
ies [8,9], it appears that little systematic work has been carried out
* Corresponding author.
E-m ail address: i.ham erton@ surrey.ac.uk (I. H am erton). 
’ M easured at 25  °C and 1 MHz.
to examine the potential benefits of blending and co-curing polycy­
anate monomers. In the current study, we have examined three 
common cyanate species with a consistent level of catalysis and 
examined various thermal and thermo-mechanical properties. We 
have also simulated selected properties using atomistic modelling 
in our drive to improve our predictive capability. The aim of the 
present study is to optimise the blending of dicyanate monomers 
to achieve the best physical and mechanical properties through a 
combination of empirical measurement and predictive simulation.
2. Experim ental
2.1. Analytical m easurem ents
Raman spectra were obtained using a Perkin-Elmer system  
2000 FT-NIR-Raman spectrometer operating at 2 5 0 -8 0 0  mW  
(Nd-YAG laser) and a Perkin-Elmer FTIR system  2000 spectrom e­
ter. For each measurement, 32 spectra were obtained at a resolu­
tion of 4 cm"’ and co-added to produce the final spectrum.
Infra-red spectra were obtained (32 scans betw een 4 0 0 0 -  
400 cm"’ ) using a Perkin Elmer System 2000 FT-IR spectrometer 
equipped with diamond ATR.
Differential scanning calorimetry (DSC) was undertaken using a 
TA Instruments Q1000 running TA Q Series Advantage software on 
samples (5.0 ± 0.5 mg) in hermetically sealed aluminium pans. 
Experiments were conducted at a heating rate of 10 K/min from 
- 1 0  °C to 400 °C (heat/cool/heat) under flowing nitrogen
1 3 8 1 -5 1 4 8 /$  - se e  front m atter  © 2 0 1 2  Elsevier Ltd. All rights reserved. 
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(50 cm^/min). In order to gauge the reactivity o f the monomer in 
the bulk, dynamic DSC analysis was performed on all of the 
systems.
Thermogravimetric analysis (TGA) w as performed on a TA Q500 
on milled, cured resin samples (6.5 ± 0.5 mg) in a platinum crucible 
from 20 -8 0 0  °C at 10 K/min in air and nitrogen (40 cm^/min).
Dynamic mechanical thermal analysis (DMTA) (in single canti­
lever mode at a frequency of 1 Hz) w as carried out on cured neat 
resin samples (dim ension were 1 7 x 5  mm^ with 3 mm thickness) 
using a TA QSOO in static air from 20 °C to 400 °C at 3 K/min at 0.1% 
strain.
2.2. M aterials
The dicyanate ester monomers: 2,2-bis(4-cyanatophenyl)pro- 
pane 1, l,l-5is(4-dicyanatophenyl)ethane 2, and the oligomeric 
phenolic cyanate (average value of n = 1 ) 3  (Fig. 1 ), were all supplied 
by Lonza Ltd (Visp, Switzerland) and were generally used as received 
without further purification. The initiator components: copper(ll) 
acetylacetonate (Cu"(acac)2 ) and dodecylphenol (CisHsoO) were  
both obtained from Aldrich and used as received.
2.3. Blending and cure o f  p o lym er sam ples fo r  therm o-m echanical 
analyses
The Cu"(acac) 2  CigHsoO initiator suspension (1% w /v) was made 
up by mixing Cu"(acac) 2  w ith dodecylphenol, heating to 80 °C for 
30 min then ramping to 120 °C for a further 30 min, stirring 
throughout. Good homogenisation was achieved. Cu"(acac) 2  
(200 ppm) was added to the monomer/s and heated to 90 °C whilst 
stirring to yield a homogenous suspension with uniformly dis-
HgC, CH;
(2)
(3)
Fig. 1. Cyanate ester structures studied in this work, (N.B. in this instance n = 1 in 
structure 3).
persed initiator after ca. 15 min. The monomer/initiator solution  
was decanted into aluminium dishes (55 m m  diameter, depth 
10 mm) and cured in a fan-assisted oven heating at 2 K/min to 
150 °C (1 h isothermal) + heating at 2 K/min to 200 °C (3 h isother­
mal) then post cured -  heating at 2 K/min to 260 °C (1 h isothermal) 
followed by a gradual cool (3 K/min) to room temperature. Cured 
samples were cut to correct size for analysis.
2.4. M olecular sim ulation
Modelling was performed using Materials Studio v. 5.5.0.0 
(Accelrys, 2010) on a Dell PC (Optiplex 780, Inter Core Duo 
3.00 Ghz, 4.00 GB RAM, 100 GB HDD). Potential energies w ere cal­
culated using the Polymer Consistent Force Field (PCFF) [10]. W hen  
modelling blends of Primaset™ PT30, the Legacy m odule within  
Materials Studio was used to construct an amorphous cell w ith 49  
PT30 oligomers (n = 1 ) with corresponding numbers o f either 2,2- 
bis(4-cyanatophenyl)propane or l,l-bzs(4-dicyanatophenyl)ethane  
monomers to make up the correct stoichiom etry o f the blend. The 
distribution of ortho- and para-substituted phenyl rings w as chosen  
to mimic empirical ^^ C NMR studies carried out on the phenolic pre­
cursor and compared with previous work [1 1 ,1 2 ]: orth o -orth o  
(22%), orth o-para  (56%), and p a ra -p a ra  (22%) substitutions. The tar­
get density for the cell was set at 1.25 g cm “ ,^ consistent w ith exper­
im ent [13,14].
The resulting amorphous cell comprised betw een 3 5 8 0 -6 2 2 4  
atoms. The cyanate groups were bonded manually to form 1,3,5- 
triazine rings and a minimisation o f 500 iterations was carried 
out to relieve the strain using the Discover m inim isation module  
to a convergence of 1000 kcal m ol“  ^ A conjugate gradients 
minimisation was then carried out to a convergence of 
lOOkcal m or^ Bonds were reacted through the faces o f the 
unit cell to neighbouring periodic boxes to sim ulate an infinite 3- 
D cross-linked network. A total o f 138 out o f the 147 functional 
groups were co-reacted, corresponding to a m onom er conversion  
of 94%, which is typical for this type o f polym er [15]. After the final 
cyclotrimerization the system  w as submitted to a final m inim isa­
tion o f 1 0 , 0 0 0  iterations.
Equilibration was undertaken using a 10 ps MD simulation  
(25 °C) using the Discover single run option. The NPT ensem ble  
w ith a tim e step o f 1 fs was utilised w ith the Anderson thermostat 
in combination w ith the Berendsen Barostat [16]. PCFF was used  
w ith the atomic van der Waals summation, a cut-off o f  1 0 . 0 0  A, a 
spline width of 3.00 A and a buffer w idth o f 1 . 0 0  A. The system  
w as subjected to a second 10 ps MD sim ulation at 500 °C using 
the same parameters as above to equilibrate the system  for the 
upper temperature of the temperature ramped MD sim ulations 
(the latter were performed using the Temperature Cycle option  
in the Legacy Protocols module). 51 MD sim ulations were run be­
tw een 500 °C and 0 °C in decrements o f 10 K; at each temperature 
stage a 125 ps MD simulation was carried out. The first 25 ps of 
each simulation were used to equilibrate the system  and the sub­
sequent 100 ps simulation w as used to record the results. A plot of 
calculated cell density w as plotted against sim ulation temperature 
to determine both the Tg and the degradation onset temperature.
3. Results and discussion
3.1. Thermal behaviour o f  dicyanate m onom ers determ in ed  using DSC
Dynamic DSC m easurements w ere made initially on the unca­
talysed monomers (Fig. 2), from which it is apparent that m ono­
mers 1  and 2  show  similar reactivity -  although both the onset 
and end point temperatures o f the polym erisation are essentially  
the sam e for both compounds, the temperature of the exotherm ic
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Fig. 2. Scanning DSC data for th e  therm ally  in itiated  po lym erisa tion  o f  th e  u n cata lysed  cyan ate  esters (1 0  K/m in, n itrogen).
peak maximum (Tmax) is at higher temperature for monomer 1 
indicating that this is slightly less reactive under these conditions. 
This similarity is not unexpected given the common features in the 
monomer structures. Compound 3 shows som ewhat different 
behaviour in that the onset of polymerisation occurs at a similar 
temperature regime, but both the Tmax and the endpoint of poly­
merisation are substantially lower then the other monomers. The 
presence of a smaller exotherm preceding the main one is also ob­
served (it is present, but less evident in the other monomers) and 
points to the presence of impurities (perhaps unreacted phenol) in 
the compound serving to initiate the cyclotrimerisation reaction, a 
well-known phenomenon [17]. spectral analysis in CDCI3 sol­
vent of both the precursor phenolic compound and the Primaset™ 
PT30 shows som e evidence of impurities between 1 and 3 ppm, 
which might be attributed to common impurities arising from 
the cyanation procedure, namely diethylcyanamide (triplet at ca. 
1 ppm and quartet at 2.5 ppm) and unreacted phenolic (methylene
Table 1
Designation o f  m onom ers and blends exam ined in this work.
Sam ple design ation Cyanate ester
Bisphenol A 
dicyanate
Bisphenol E 
dicyanate
Primaset™
PT30
1 100 0 0
2 0 1 00 0
3 0 0 100
I50—2^0 50 50 0
160-240 60 4 0 0
170—2)0 70 30 0
180-2)0 80 2 0 0
1gO-2io 90 10 0
350-150 50 0 50
3 s0 -l4 0 4 0 0 60
37o“ l30 30 0 70
3 s0 -l2 0 20 0 80
390-110 10 0 90
35o“ 2 so 0 50 50
3eo-24o 0 4 0 60
370-2)0 0 30 70
380-2)0 0 20 80
390-210 0 10 90
singlet at ca. 2 ppm). Similarly,^^C NMR analysis reveals the possi­
ble traces o f carbamate (ca. 156 ppm). The impurities are nonethe­
less at low levels ( 1 %).
A further study was undertaken to examine the effect of catal­
ysis and three formulations were employed (based on 1 0 0 , 2 0 0  
and 300 ppm copper^"'). The data from the dynamic DSC m easure­
ments are also given in Table 2.
Some general comments can be made -  the enthalpies of poly­
merisation obtained in this work are consistent with the literature. 
Snow [18] reviewed the data obtained using DSC and found the 
typical value for monomer 1 to lie between 95 and 105 kJ/mol 
and between 1 1 1 -130  kJ/mol using adiabatic calorimetry. Mono­
mer 2 displays similar thermal behaviour [19] w hile 3, which  
develops a more highly cross-linked network may achieve lower 
degrees of conversion [2 0 ]. It is also clear that, as expected, 
increasing concentration of the catalyst leads to a reduction in 
the onset of polymerisation and peak maximum (of the polymeri­
sation enthalpy); this is m ost marked in the case of 1 and least in 
the case of 3. On the other hand, while the level of catalyst has a 
significant influence on the early stages of the thermal behaviour, 
the latter stages (represented by the end of the polymerisation
Table 2
Thermal even ts for d icyanate m onom ers as determ ined  by DSC.
Sam ple Cu(acac))
(p p m )
Tg:
CC)
Top
CC)
Tp
CC)
Tep
CC)
AHp
U g - ' ) (kj/m ol
OCN)
1 - 82 2 82 341 361 701 97 .4
1 100 82 158 187 3 4 5 60 7 8 4 .4
1 2 0 0 82 151 187 3 50 4 3 0 5 9 .8
1 3 0 0 82 107 173 3 5 0 56 2 78.1
2 - - 24 4 3 2 2 3 50 7 5 9 99 .8
2 100 - 121 211 3 53 751 98 .8
2 20 0 - 116 2 0 6 3 52 7 0 0 92.1
2 30 0 - 102 196 3 5 0 63 3 8 3 .2
3 - - 24 0 3 0 7 3 4 4 4 3 0 8 1 .9
3 100 - 198 2 2 4 3 1 6 3 5 9 6 8 .4
3 20 0 - 100 2 0 6 3 1 9 4 7 9 9 1 .2
3 3 0 0 - 100 2 0 0 3 02 4 7 4 90.3
N.B. cured blends are d en oted  by the u se  o f  ita lics to  differen tiate  th em  from the  
correspond ing m on om er blend i.e. m on om er blend  1 g o-2 io  b eco m es p olycyanurate  
190-210 fo llo w in g  cure.
Tgi = M eltin g tran sition  o f  m on om er d eterm in ed  u sin g  a h ea tin g  rate o f  10  K m in " ’. 
Top = O bserved o n se t o f  p olym erisation . Tp = T em perature o f  e x o th erm ic  peak  
m axim um . Tep = O bserved en d  o f  p o lym erisation . AHp = Enthalpy o f  ex o th erm ic  
peak.
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exotherm) is less reduced. To reconcile this with the proposed 
reaction mechanism [ 2 1  ], the initial stage (activation of the m ono­
mer and stepwise formation of the cyanurate ring). Towards the 
end of the polymerisation, the crosslinking is hypothesised to be 
accompanied by closure of incomplete rings through the action 
of smaller, more mobile active hydrogen donor species, e.g. dode­
cylphenol. Consequently, the copper concentration will have an 
influence on the initial stage of the process, relying for effect on 
the combination of cyanate monomers via  complexation with the 
copper species, but not the latter stages (which are governed by 
the concentration of active hydrogen donors). In this case, the con­
centration of dodecylphenol was maintained at a constant level.
3.2. Thermal behaviour o f dicyanate blends determ ined using DSC
A parallel study was undertaken to examine each binary blend 
(based on the compositions shown in Table 1) to investigate the ef­
fect of catalysis on their thermal behaviour. Identical catalyst con­
centrations were employed to those used for the monomers (i.e. 
100, 200 and 300 ppm copper^^). There is a clear influence on the 
thermal behaviour with varying the concentration of catalyst. 
The general trend is that the exotherm is shifted to the lower tem ­
peratures with increasing concentration of catalyst. This results in 
reduced onset, maxima and endpoint of polymerisation tempera­
tures (Fig. 3). The overall enthalpy of polymerisation is also re­
duced, with AH  being reduced by up to 40% with incorporation 
of catalysis. Moreover, high amounts of Primaset™ PT30 lead to 
difficulty in determining the Tg using DSC (and hence DMTA data 
are presented later).
3.3. Cure m onitoring using vibrational spectroscopy
In this work, the cure reactions of homopolymers 1 and 2 as 
well as the blend 15 0 - 2 5 0  were analysed initially in situ  using Ra­
man spectroscopy using a heated cell (ramped rapidly to 150°C  
and held isothermally for 60 min; spectra being taken at intervals
Table 3
Thermal events for binary blends o f  cyanate ester  m onom ers as determ ined by DSC/DMTA.
Sam ple CC) TppCC) TpCC) Tq, CC) AHp
(J g  ') (kJ/m ol OCN)
T ^ C C )
lso -2 s o 62 112 211 353 63 3 85.5 2 9 2
160-^40 62 102 180 3 4 6 6 3 6 86 .6 2 9 2
170-230 68 101 193 3 46 651 89.1 293
Iso-220 70 100 179 3 4 6 5 82 80.1 2 8 6
190-210 77 106 180 3 4 6 53 3 73.7 2 88
350-150 76 92 190 3 5 9 5 49 90 .5 3 1 8
3 o o -l 40 - 100 201 332 56 3 95 .8 3 32
370-130 - 100 205 3 28 5 22 91 .5 n/a
380-120 - 100 215 3 2 6 491 88 .6 3 2 6
39O-I1O - 1 00 211 3 22 4 7 0 87.2 n/a
3 so-2 5 o - 89 189 352 63 5 102.3 3 1 2
3go-24o - 91 2 07 3 2 7 52 5 87 .7 3 0 8
- 100 213 3 2 2 53 3 92.2 3 0 9
3go—2^0 - 100 2 0 6 3 2 3 5 3 9 96 .4 n/a
190-210 - 112 2 1 6 3 2 9 4 9 2 90 .9 n/a
Tgi = M eltin g tran sition o f  m on om er d eterm in ed  u sin g  a heatin g  rate o f  10 1< m in “’ . Top = O bserved o n se t o f  p olym erisation . Tp = Tem perature o f  e x o th erm ic  peak m axim u m . 
Tep = O bserved end o f  p olym erisation . AHp = Enthalpy o f  exoth erm ic peak. Tgz = G lass tran sition  tem p eratu re o f  p olym er d eterm in ed  u sing a h ea tin g  rate o f  10  K m in"T  n/ 
a = Not available d u e  to lim ita tion s o f  instrum ent.
  2  e u je d
 ....... 2 u n c u f (d
2 uncurfd
1.0
I
I  OS 
u_
II
0.0
283.79'C
■0.2202WgT op 116*C
-0.5
130 180 28030 80 230 330 380
Exo Up Temperature (®C) Universal V4.7A TA Instruments
Fig. 3 . R epresentative scan n in g  DSC therm ogram s (first h eat in blue, rescan in red) to  ind icate  th e im portance o f th e  param eters p resen ted  in Table 3. (For in terp reta tion  o f  
th e  references to colour in th is figure legend , th e  reader is referred to  th e  w e b  version  o f  th is article.)
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of ca. 5 min), but while a stacked spectral plot could be produced as 
a function of cure time the thermal background caused the signal 
to be swamped between 3000 and 3400 cm'^ so that any data in 
this region could not be used quantitatively. Thus, the data have 
been plotted for 1 5 0 - 2 5 0  (Fig. 4) having first removed the data 
above 3100 cm “’.
It is apparent that the vibrational spectra of the monomers and 
propagating species are quite complex, but arguably, the m ost 
diagnostically useful bands in the spectra are those associated with  
the constitution of the cyanate group and the formation of the tri- 
azine/cyanurate ring during cure [22]. The band corresponding to
the presence of the cyanate group is found at 2 200-2300  cm “\  
while the C—N—C asymmetric stretch will be present only in the 
s-triazine ring and can be found at 1566 cm ^ \ the symmetric 
stretch at 8 0 0 -860  cm " \ Similarly, the bands for C—0 —C stretch­
ing (from the cyanurate ring) can be found at ca. 1369 cm " \ This 
is seen very clearly in Fig. 5 for the polymerisation of 1 5 0 - 2 5 0 . 
where only the first and last spectra of the experiment are shown.
Conventionally, the spectra would be analysed from the view ­
point of monitoring the reduction or growth in key bands and 
relating these changes to polymerisation mechanism. This ap­
proach has been adopted frequently with cyanate esters and many
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Fig. 4 . Stacked Ram an spectra for the cure o f Iso-Z so w ith  2 0 0  ppm  Cu"(acac)2 acquired in situ  (com p risin g  4 9  spectra, sam p lin g  rate 1 every  5 m in ) for 4  h.
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Fig. 5 . Raman spectra for th e cure o f  I50-250 w ith  2 0 0  ppm  Cu'‘(acac)2 acquired in situ  (com p risin g  tw o  spectra, first [b lue] and final [red] spectra o f  a 4  h cure program m e). 
(For in terpretation  o f  th e references to  colour in th is figure legend , th e  reader is referred to  th e  w eb  version  o f  th is  article.)
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studies abound in the literature [23]. The basic bands can be as­
signed with reasonable confidence in this case, but rather than fall 
into the trap of identifying each spectral feature (or neglect the 
majority of spectral information), it was decided to employ chemo- 
metrics techniques (particularly principal components analysis, 
PCA) as our group has already demonstrated the benefits of this ap­
proach in unrelated areas of polymer chemistry.
PCA is a multivariate analysis technique [24] that utilises all the 
data and uses a holistic approach to determine similar and dissim­
ilar spectra. The extraction of the principal components (PCs), 
which account for the variance in data, enables the particular anal­
ysis to be simplified, but makes no suppositions about the chemical 
meaning of the data. This technique has been shown [25] to yield 
useful information in the correlation of infrared spectra of cyanate 
ester/bismaleimide blends with thermo-mechanical properties and 
has also been employed to probe the mechanism by which curing 
agents based on transition metal com plexes have undergone disso­
ciation [26]. Fig. 6 shows the PCA data arising from the raw Raman 
spectra for the time course of catalysed 1 in a series of in situ  mea­
surements, demonstrating that two principal components (PCs) ac­
count for 98% of the variance in the data.
When PCI (accounting for 96% of the variance) is plotted vs. PC2 
(accounting for 2%) the graph (Fig. 7) show regular incremental
changes in the data until spectrum 22 (i.e. after 110 min ramping 
from 25 °C to 150°C) at which point there is a large change in 
the plot, indicating that a significant chemical change in the curing 
polymer is occurring at this point.
The scores plot of PC-1 vs. PC-2 is informative since it indicates 
that the spectra are very similar and show  very little difference 
during the first four acquisitions. Spectrum 5 begins to differ and 
then there is a progressive change in the spectral characteristics, 
with PC-1 becoming increasingly influential, up to spectrum 18. 
From spectrum 19 onwards until the end of the experim ent one in­
fers a change in the trend, perhaps related to the change from 
chemical to physical.
The loadings plot (Fig. 8) demonstrates that m ost of the spectral 
changes observed during the experiment occur in spectral regions 
associated with the consumption of free monomeric cyanate 
groups forming aromatic triazine rings. The main band changes 
suggested by PC-1 and PC-2, are reductions at 70 0 -8 0 0  cm ’ 
(C—H out of plane bending vibrations), 9 9 0 -1 0 5 0  cm"^ (C—H in 
place vibrations) and 2 2 3 0 -2260  cm ”’ (0 —C =N  stretch) With in­
creases found at 800-865  cm”’ (C—N aromatic symmetric stretch), 
980-1000  cm,”’ (triazine ring N radial), 1150-1240  cm ”’ (C—0 —C 
asymmetric stretch), 1170-1250  cm ’ (C—N—C stretch), 1 5 30-  
1630 cm ”’ (skeletal vibrations such as quadrant stretching bands)
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Fig. 6 . The PCA data arising from  th e  raw  Raman spectra for th e t im e  course o f cata lysed  2  in a series o f  in situ  m easu rem en ts .
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Fig. 7 . A scores plot com p risin g  PCI vs. PC2 for the tim e course o f  cata lysed  2  in a series o f  in situ  m easu rem en ts.
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Fig. 8 . A loadings plot com p risin g  PCI and PC2 for th e  t im e  cou rse o f  cata lysed  2  in a series o f  in situ  m easurem en ts.
and 1560-1600 cm~^ (C—N aromatic asymmetric stretch). These 
changes in the bands, associated with aryl m oieties upon heating, 
are consistent with the monomeric cyanate groups undergoing 
cyclotrimerisation forming the regular cured network.
3.4. Thermo-mechanical characterisation
The data obtained from dynamic mechanical thermal analysis 
give storage and loss moduli for materials, along tan 5 peak max­
ima, i.e. the maximum for the a  transition curve, and Tg values 
(Table 4). Representative storage modulus curves for selected  
polycyanurate blends are overlaid for comparison in Fig. 9.
It is evident that incorporation of Primaset™ PT30 into a blend 
results in a less marked decrease in storage modulus as tempera­
ture is increased. This can be explained by the greater cross link 
density exhibited by the phenolic moiety. Fig. 10 represents graph­
ically the thermomechanical data (storage ad loss moduli and 
tan^) for the blend of 1 5 0 - 2 5 0  where the glass transition ((/-transi­
tion) is clearly visible with a sharp decrease in storage modulus at 
ca. 225 °C (Tmax = 240 °C at 3 K/min) w ith a drop in the storage 
modulus of around 1400 MPa; a p-transition is visible between  
50 and 100 °C with a noticeable deviation in the storage modulus.
3.4.1. Binary blends o f ( l )  and (2 )
A preliminary study of the physical properties of these blends 
had been undertaken using DSC, although the technique proved
Table 4
Therm om echanical data (from  DMTA) for selected  cured hom opolym ers and blends.
Sam ple Loss m odulus (°C) Tan d elta  (°C)
Iso-Z so 241 2 8 8
I so-240 2 5 4 2 9 6
lyQ—Zgo 255 293
180—220 2 5 0 291
190-210 2 58 2 8 7
^ so -lso 3 1 8 34 7
350“ !  40 3 1 7 342
380"^ 20 3 25 n/a
35Q—250 3 0 6 3 37
3 so-2 4 o 3 0 6 3 3 0
370“ 230 3 09 3 32
380-220 303 331
N.B. it w a s n ot p ossib le  to  m easu re data for 3go-2 io , S y o -h o  and 3 g o - l]
unsuitable for the determination of the Tg in the blends containing 
(3), due to the high temperature of the transition (competing with  
the onset of degradation as evidenced by TGA). The data dem on­
strate slight changes, although these do not appear to be marked 
using this technique at 10 K/min. However, using DMTA trends 
were more evident at higher compositions of 1, the cured blend ap­
pears to show a marked loss in storage modulus betw een 0 °C and 
75 °C (losing som e 500 MPa) as a transition, the more pronounced 
(or glass) transition appears at around 255 °C (using loss modulus 
maximum); in the 50:50 blend this value is apparently reduced to 
241 °C. It is interesting to note the prominence of a peak at ca. 
250 °C (in the tan<5 trace) in the 50:50 blend as this becom es less 
apparent as the amount of 1 increases in the blend, which may re­
late to the compatibility of the two com ponents at this 
composition.
The cross link density (v) for each polycyanurate was calculated 
from DMTA data using the following equation:
V =  G e /(p R T g
where cp is 1, C, is the storage modulus strictly from a sample at 
equilibrium, but is taken at Tg, where Tg = (Tg + 50 K) [27,28]. This 
equation is technically most appropriate for lightly cross-linked 
materials so it should only be used as a comparison between similar 
materials. The crosslink density values are shown for the polycyan­
urates following polymerisation (Table 5) and examination of the 
data indicates that incorporation of 3 results in a marked increase 
in cross link density, which explains the higher glass transition val­
ues and better thermal stability.
3.5. Thermal and therm o-oxidative stab ility  o f hom opolym ers and  
blends
Along w ith the homopolymers, a series of binary blends was 
analysed in which the level of catalysis was maintained, but the 
composition varied in a system atic manner. Analysis in nitrogen 
was performed for selected species, and are included in Table 6, 
but the entire data set was collected in air (which w as deem ed  
more suitable for the ultimate application of the materials). The 
stability of the homopolymers has been previously reported 
[29,30] and the measurements were made to ensure internal con­
sistency. Analysis of the pure polycyanurate hom opolym ers in 
nitrogen revealed that (2)' was significantly more stable in terms 
of the char yield (49% vs. 39%) reflecting the single m ethyl group
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Fig. 10. DMTA data for lso -2 so  sh o w in g  storage and loss m oduli as a function  o f  tem perature.
in the bridge, otherwise the onset temperature, rate of decomposi­
tion and general mechanism appear similar.
3.5.7. Binary blends o f bisphenol A ( 1 )  and bisphenol E (2 )
A series of binary blends was analysed in which the level of 
catalysis was maintained, but the composition varied in a system ­
atic manner. There is a marked change in degradation mechanism  
in air as the composition becomes increasingly rich in monomer 2. 
All display a first event at ca. 4 0 0 -4 5 0  °C, accounting for around 
33-45% mass loss, but a second event (ca. 52 0 -5 3 0  °C, accounting 
for 7-8%) is only evident in blends containing up to 20% 2. The final 
decomposition (5 50-650  °C, accounting for 50-60%) and due to the 
breakdown of the aromatic rings [30] is present in all TGA data.
3.5.2. Binary blends o f 2  and 3
The series of binary blends containing 2 and 3 shows a slightly 
different trend and a distinctly different mechanism of decomposi­
tion. In this case the onset of degradation com m ences at 400 °C (ca. 
5% mass loss at 415 °C) and relates to the breakdown of the ali­
phatic carbon bridges in both components. The Primaset™ PT30 
is a highly aromatic phenolic derivative and thus the overwhelm ­
ing contribution to the thermogram is the second/third thermal 
events at higher temperature (ca. 5 0 0 -700  °C, accounting for 80% 
mass loss). As the amount of 3 in the blend increases this is accom ­
panied by an increase in the intensity of these higher temperature 
peaks, reflecting the greater aromaticity in the polymer.
3.5.3. Binary blends o f 1 and 3
The series of binary blends containing 1 and 3 show s a similar 
trend to the blends containing 1 and 2 in that the decom position  
mechanism appears to follow a similar path, albeit w ith the less 
stable isopropylidene bridge yielding a slightly higher rate of mass 
loss (this is also true of the higher temperature thermal events). 
Once again as the amount of the more stable com ponent 3 is
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Table 5
Cross link density (v, x lO  
results.
m ol cm  o f  polycyanurates determ ined from DMTA
Sam ple Cross link d en sity  ( x lO   ^m ol cm
Te Ce
I 50-250 290 .3 34.3 7.3
160-240 303 .8 25.2 5.3
lyO"'ZgQ 303 .8 29.1 6.1
180-220 300.1 29.8 6.3
190-210 30 7 .6 18.5 3.8
350- I 50 367 .7 2 1 5 .0 40 .4
360-140 366.7 301 .7 56.7
380-120 375.1 510 .6 94.8
350™250 356.8 28 4 .2 54.3
360-240 356.8 40 2 .9 76.9
3?o-23o 358.3 2 80 .0 53.3
380-220 353 .5 4 4 9 .9 86 .4
N.B. va lu es ca lcu lated  from  dup licate m easu rem en ts, data n ot obtain ed  for 370-130. 
■Sgo-lio. ■390-210-
Table 6
The w eigh t loss tem peratures and Tg o f  th e polycyanurates obtained using TGA and  
DSC.
Sam ple Tem perature at w h ich  m ass loss ach ieved Ve(%)
5% 10% 20% 30% 40% 50% 60%
1" 4 13 4 2 2 4 2 7 4 3 4 4 5 0 5 07 7 02 39.3
1 4 13 42 3 4 2 8 43 5 45 8 538 575 1.83
2^ 4 1 8 4 2 7 4 3 5 463 533 6 8 9 N/A 48 .6
2 4 17 42 2 4 3 0 45 2 5 3 0 571 588 1.89
3 4 23 4 3 4 5 22 595 6 20 63 5 6 50 1.76
150-250^ 4 1 9 4 2 7 4 3 5 44 5 500 585 N/A 45 .5
I5O-250 4 1 4 42 2 4 2 7 4 3 6 4 8 4 5 4 9 5 76 2.03
100-240 411 4 1 9 421 4 2 2 4 2 9 4 7 0 551 1.5
170-230 4 1 6 4 2 5 4 2 7 4 3 6 4 7 0 54 2 5 70 1.5
180-220 4 1 3 42 5 4 3 0 4 3 8 4 8 9 55 2 5 79 1.2
190-210 4 0 0 4 2 4 4 2 8 4 3 5 45 8 5 30 552 1.8
35O-I5O 4 1 6 4 2 5 441 522 572 595 60 8 1.38
360-140 4 1 9 4 2 6 4 6 0 552 59 2 61 0 62 2 1.59
37O-I3O 4 2 0 42 9 4 98 573 6 0 4 621 63 5 1.65
3 so -l2 0 4 2 0 431 4 9 8 578 60 9 62 5 64 0 1.33
3go-llO 4 1 9 4 3 4 515 575 603 61 9 6 33 1.67
3:0-250 4 2 0 4 3 0 4 8 4 558 59 2 60 8 621 1.4
3 oo-2 4 o 4 2 0 4 32 4 8 9 5 6 0 5 9 4 6 12 6 2 4 1.75
3?o-2 3 o 4 0 8 423 4 2 9 4 8 7 555 58 7 6 0 4 1.47
380-220 4 2 0 4 3 4 513 5 7 4 603 6 1 9 633 1.58
3go-2 io 4 1 8 4 33 508 56 6 597 6 1 4 62 8 1.34
Yc = Char y ield  m easured  at 8 0 0  °C.
All b lends contain  2 0 0  ppm  Cu"(acac)2 CigHaoO in itiator su sp en sion  (1% w /v ).  
TGA carried ou t in N2 atm osphere.
added, the initial mass loss is markedly reduced in terms of the 
rate of mass loss (i.e. it occurs overs a wider temperature region), 
although the mass loss is the same in real terms [30-32].
3.6. M olecular sim ulation o f physical and mechanical properties o f  
selected blends
The plot of simulated density vs. temperature form the MD sim­
ulation for the neat polycyanurate I is shown in Fig. 11, from 
which several features are apparent and which correlate well with  
empirical data (Table 5). At lower temperatures (40 -5 0  °C), a small 
drop in the density is apparent. A second drop is also observed at 
130-150  °C corresponding to the transition observed in the DMTA 
data for this polymer (Fig. 9). The glass transition (transition) is 
also marked by the larger fall at 2 3 0 -2 5 0  °C. The large drop in den­
sity at 400 C may correspond to the thermal degradation of the 
polymer. The simulation of the other neat polycyanurate 2
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Fig. 1 1 . M olecular d ynam ics data for m aterial 1.
(Fig. 12) reproduces the higher Tg for this polymer observed in 
the DMTA data, the main difference observed w hen assessing the 
model for 2  is the flatter response over the temperature range 0 -  
250 °C. Moreover the transitions associated w ith the degradation 
of the network appear less marked in the case of 2. The corre­
sponding data for the binary blend (comprising 50% of each neat 
polycyanurate. Fig. 13) comprises elem ents of both networks: dis­
playing a flatter response at lower temperatures (where the behav­
iour of 2  predominates), but appears more similar to 1 at higher 
temperatures, suggesting that this com ponent exerts a greater 
influence over the degradation as it possesses the weaker linkages.
A full analysis of the simulation of a larger selection of the 
blends prepared here is beyond the scope of the current work, 
but will be published in a future paper [33].
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Fig. 12. M olecular dynam ics data for m aterial 2.
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4. Conclusions
The combination of polycyanates to form co-polymeric net­
works appears to have been examined only sparingly in the re­
search literature, despite the comparative simplicity and 
versatility of the approach. The results of the present study have 
demonstrated the beneficial thermal and mechanical properties 
that can be achieved through reactive blending of this kind to yield 
novel materials. From a processing perspective the combination of 
even comparatively small quantities of the liquid monomer (2) 
serve to improve the flow of both monomer (1) and the oligomer 
(3). In the case of the more highly aromatic (3), this yields a copoly­
mer with significantly improved thermal properties (i.e. greatly in­
creased Tg over (I)) with greatly improved processing 
characteristics. Preliminary studies have highlighted the potential 
for predicting both thermo-mechanical and physical properties in 
these binary blends. For example, the blends all display a first 
event at ca. 4 0 0 -4 5 0  °C, accounting for around 33-45% mass loss 
and the model of the binary blend ( 1 5 0 - 2 5 0 ) shows a marked drop 
in the cell density in a similar region (350-420  °C). This aspect will 
be examined in greater detail in a subsequent paper.
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Introduction
Cyanate esters constitute a family of addition cured high 
performance, thermosetting polymers, which occupy a niche 
intermediate between high glass transition temperature (Tg), 
tetrafunctional epoxy resins and bismaleimides (BMIs) [1]. The 
combination of favourable thermal and mechanical performance 
(dry Tg values of 270-300°C are common with a strain at break of 
over 5-8%) coupled with low dielectric loss properties (a low 
dielectric constant of ca. 2.7 with a loss tangent of 0.003 is typical 
[1]) make cured cyanates attractive and able to offer a unique 
property profile. Although requiring toughening for some engi­
neering applications, cyanates can be combined with inherently 
tough engineering thermoplastics (HexPly 954-2A, Gic = 250 J /  
m^) [2] or elastomers (HexPly 953-3, Ggc = 450 J/m ^) [3] to yield 
impressive enhancements. In this form they typically find 
application as matrices in advanced composites (either in 
combination with epoxy resins in aerospace applications [4]) or 
with BMIs as dielectric polymers in the microelectronics industry
[5]. The rationale for the preparation of the binary blends 
presented here is to examine the potential for deriving improved 
properties (physical and mechanical) through the co-reaction of 
chemically compatible monomers. To date, aside from isolated 
studies [6J, it appears that litde systematic work has been carried 
out to examine the potential benefits of blending and co-curing 
polycyanate monomers. In the current study, we have examined 
three common cyanate species and the binar)^ blends thereof by 
simulating selected properties using atomistic modelling in our 
drive to improve our predictive capability.
Molecular modelling of polymers is a growing area and it has 
been used in a wide variety of polymeric systems. By far the most 
effort has been concentrated on epoxies, owing to their general 
usefulness. Reports have predicted the structure, mechanical
properties and moisture diffusion in epoxy resins [7,8-13]. O ther 
thermosetting polymers have also been modelled including, 
polycyanurates [14], polybenzoxazines [15], polyimides (in par­
ticular gas permeation across polyimide membranes) [16-18] and 
cyclohexanone formaldehyde resins (plastic printing) [19]. Non 
thermosetting polymers have included polyethylene oxides [20], 
polysUoxanes (glass transition temperature) [21,22] and polyeth­
ylene terepthalate (gas diffusion) [23]. Recently the field has 
moved into the modelling of nanocomposites with carbon 
nanotube reinforced composites becoming of interest [24,25].
It is fundamental to our approach that the simulations that are 
performed are always supported by empirical data, either single 
crystal data in the formation of structures or from physical or 
mechanical measurements when determining properties for 
the final polymer. In this paper we report a systematic study of 
the blending of the three cyanates by molecular simulation using 
the software suite Materials Studio [26]. This method is generally 
applicable to aU crosslinked resin systems. There is always a 
compromise between how long the simulation takes and the 
accuracy of the predicted results. If it takes much longer to 
simulate the system than it takes to synthesize and measure the 
properties predicted then the method will be of limited usefulness 
in property prediction. This is a particular problem with synthetic 
polymers as there is an on-going debate on whether it is possible to 
equilibrate a long polymer chain by molecular mechanics, see for 
example [27].
Methods
M aterials
The dicyanate ester monomers: 2,2-iw(4-cyanatophenyl)pro- 
pane (1), hereafter termed BADCy 1,1-éz^T-dicyanatopheny- 
l)ethane (2) (LECy), and the oligomeric phenolic cyanate (average
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value of n =  1) (3) (PT30) were the three monomers simulated in 
this work. (Figure 1). Experimental values of the materials were 
also obtained by the methods described in Crawford et. al, 2012
[28]. The blends simulated are presented in Table 1. The 
monomers polymerise by cyclotrimerisation, where three cyanate 
groups combine to form a six membered cyanurate ring, so the 
resulting polymer is a cross linked network composed of cyanurate 
rings joined by the bridging groups attached to the cyanate 
moieties (Figure 2). N.B. cured blends are denoted by the use of 
square brackets to differentiate them from the corresponding 
monomer blend i.e. monomer blend (lgo-2io) becomes polycya- 
nurate [lgo-2io] following cure.
S im ulation
The Materials Studio molecular modelling suite (Accehys Inc.) 
was utilised in this work [26] using in house PCs [e.g. a DeU
PowerEdge 1950, 2 xQ uad Core Intel Xeon E5140 2.33 GHz, 
8 GB RAM, 500 GB HDD). T he Discover module was used for 
general simulation requirements, such as geometry optimisation 
and molecular dynamics as well as molecular mechanical analysis 
to predict values for tensile, bulk modulus, shear modulus, 
Poisson’s ratio and the Lamé constants. T he Amorphous Cell 
module was used to build amorphous, homogenous 3D cells 
composed of molecules that were drawn in silico. It also has a 
num ber of protocols designed to make greater use of the Discover 
module, of specific interest is the temperature cycling protocol, 
which can be used for Tg prediction. All simulations were 
performed in the bulk state, i.e. without the addition of solvent as 
there is no added solvent in epoxy resin cure. Potential energies 
were calculated using the Polymer Consistent Force Field (PCFF)
[29]. An attempt was made to use the COMPASS [30] forcefield 
but this implementation does not cope with the cyanate group.
n :
CH;
(1)
:n
n : :N
(2)
n
(3)
Figure 1. Cyanate ester structures studied in this work. (N.B., in this instance n = 1 in structure (3)).
doi;10.1371/journal.pone.0044487.g001
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Table 1. Designation of m onom ers and blends examined in 
this work. The data represent the  percentage of each 
m onom er in the  blend.
Sam ple D esignation (1) (2) (3)
(1) 1 0 0 0 0
(2) 0 1 0 0 0
(3) 0 0 1 0 0
( l s o “ 2so) 5 0 5 0 0
( l60~ 24o) 6 0 4 0 0
( l7 0 “ 23o) 7 0 3 0 0
(1 8 0 -2 :0 ) 8 0 2 0 0
( l9 0 - 2 ,o ) 9 0 1 0 0
(350- 150) 5 0 0 5 0
( 3 6 0 -140) 4 0 0 6 0
(370- 130) 3 0 0 7 0
( 3 a o - l2 o ) 2 0 0 8 0
( 3 g o -110) 10 0 9 0
(3 so -2 so ) 0 5 0 5 0
(3 eo -2 4 o ) 0 4 0 6 0
(370- 230) 0 3 0 7 0
(3go-22o) 0 2 0 8 0
( 3 g o -2 ,o ) 0 1 0 9 0
doi:10.1371/journal.pone.0044487.t001
1 he Legacy module within Materials Studio was used to construct 
an amorphous cell. The amorphous cell contained an average of 
4480 atoms. The simulations were also run with cell sizes double, 
thrice and four times this number. A unit cell of the appropriate 
volume was packed randomly with the correct number of 
monomers, either as single monomers as in the neat resin work 
or in the correct mole fraction in the case of the blends. The 
cyanate groups were inspected and those within 4.5 A of each 
other were bonded manually to form 1,3,5-triazine rings and a 
minimization of 5000 iterations was carried out to relieve the 
strain using the Discover minimization module to a convergence of 
1000 kcal m o F  ' Â~ ^  A Conjugate Gradient algorithm [31] was 
carried out to a convergence of 100 kcal m o F  A ~ '. As all 
monomers were assumed to be equally coreactive the nature of the 
final structure depended ultimately on the initial random 
arrangement of the monomers. Hence it was possible to generate 
homogenous networks or blocked semi-interpenetrating networks 
depending on the starting conditions. Bonds were reacted through 
the faces of the unit cell to neighbouring periodic boxes to simulate 
an infinite three-dimensional highly cross-linked network. After 
the final cyclotrimerization the system was submitted to a final 
minimization of 10,000 iterations. The NFT ensemble with a time 
step of 1 fs was utilized with the Andersen thermostat [32] at a 
Pressure of 0.1 M Pa under the Parrinello Barostat [33]. PCFF was 
used with the atomic Van der Waals summation, a cut-off of 
10.00 Â, a spline width of 3.00 Â and a buffer width of 1.00 Â. 
51 M D simulations were run between 773 K  (500°C) and 273 K 
(0°C) in decrements of 10 K; at each temperature stage a 125 ps 
M D simulation was carried out. In  accord with the problem of 
equilibrating long polymer chains, the simulations were also run
,CH.
Heat
Figure 2. Scheme of cyclotrimerisation to triazine.
d o i:1 0 .1 3 7 1 /jo u r n a l.p o n e .0 0 4 4 4 8 7 .g 0 0 2
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Figure 3. Results of Molecular dynamics simulation of density versus temperature for the homopolymer of BADCy.
d o i:1 0 .1 3 7 1 /jo u r n a l.p o n e .0 0 4 4 4 8 7 .g 0 0 3
for 1 ns at each temperature stage. A plot of calculated cell density 
was plotted against simulation temperature to determine both the 
Tg and the degradation onset temperature.
Results and Discussion
Effect o f M odel Size
Increasing the model size had the effect of impro\ing the 
statistics of the runs but made the Tg value more difficult to 
determine. In essence we are providing more degrees of freedom 
for the system with the larger models and thereby increasing the 
error (by comparison with experiment). The equilibration problem 
increases with larger model sizes. A survey of the data produced by 
varying cell size is given in Table SI.
Effect o f S im ulation  L ength
The simulations that were run for 1 ns showed that, the statistics 
(in terms of the scatter of points) were much improved. However, 
the determination of the Tg value was more problematic, with a 
shift in the predicted value compared to the experiment. 
Additionally, the longer timescale served to remove the high 
temperature transition, which we have assigned to the thermal 
degradation of the material.
H ysteresis o f th e  M odel
It has been noticed in previous work by ourselves and others 
that in order to get results that correlate with experiment, it is
necessary to run the simulation by cooling down from the high 
temperature regime to the lower. If the simulation is run by 
heating up the system, the Tg value determined can vary by 30 
degrees. This hysteresis is a function of the equilibration problem 
mentioned above and the cooling down is thought to serve to 
freeze out high energy motions thereby providing a better 
correlation with experiment.
N eat Polym ers
The plot of simulated density versus temperature from the IVID 
simulation for the neat polycyanurate [BADCy] is shown in 
Figure 3. The black crosses are the equilibrated volume at that 
simulated temperature and the red solid line is the derivative of the 
plot using the method outlined in Hall et al. [34]. There are 
several features apparent in the plot which correlate well with 
empirical data. At lower temperatures (80°C), a small drop in the 
density is apparent, which we have termed the y transition. This 
transition corresponds to the melt endotherm in Differential 
Scanning Calorimetry data of the uncured monomer. We have 
observed this experimentally at 82°C [27]. A second drop is also 
observed at 175°C corresponding to the P transition observed in 
the DM TA data for this polymer [28]. The glass transition (a 
transition) is marked by the larger faU at 260°C. The large drop in 
density at 350°C and 420°C may correspond to the thermal 
degradation of the polymer. The group bridging the two aromatic 
rings in this polymer has two pendant methyl groups.
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Figure 4. Results of molecular dynamics simulation of density versus temperature for the homopolymer of LECy.
doi:l 0.1371/journal.pone.0044487.g004
The simulation of the second neat polycyanurate [LECy] 
(Figure 4) shows a higher y  transition at 195°C, a higher |3 
transition at 235°C and a higher a  transition at 310°C with the 
main change in structure being the replacement of one of the 
pendant methyl groups in the bridging group by a hydrogen. This 
small change in atomic architecture has larger implications for the 
thermo- mechanical properties of the resulting polymer. The 
simulation of the third neat polycyanurate [PT30] (Figure 5)shows 
the Y transition at 90^C, the (3 transition at 260°C and the highest 
a  transition (Tg) at 360°C, with the Degradation (T j  at ca. 400°C 
and 480°C. The higher glass transition temperature results from 
the much reduced flexibility of this polymer with both of the 
pendant groups effectively reduced to hydrogens.
Effects o f P a ram e te risa tio n
In previous work we reparameterised the Dreiding force field 
[35] specifically for cyanurate rings [36]. A study of the available 
x-ray crystal structure data for cyanurate rings showed that the 
bond lengths are not equal and that the ring was slighdy puckered. 
The new parameterization improved the simulation results 
significantly. The second generation force field used in this work 
is generally better all round than the first generation one used 
earlier but there is still the option to use alternating single and 
double bonds in the cyanurate rings or to use delocalized aromatic 
rings. By default Materials Studio chooses atom types as 
alternating single and double bonds but we tested the aromatic
rings by running the simulations with wholly aromatic rings 
(Figure 6). An example is shown below for the 70:30 blend of 
monomer 1 and 2 (Figures 7 and 8). There is more scatter on the 
data for the aromatic parameterization and the thermal events are 
different, i.e. a  transition (Tg) = 250°C, [3 transition = 350°C, y 
transition = 110°C, degradation (Td) = i) 400°C ii) 430°C for the 
alternating single and double bonds to a  transition (Tg) = 295°C, [3 
transition = 2 10°C, y transition = 90°C, degradation (Td) = i) 
420°C ii) 480°C for the aromatic parameterization. The exper­
imentally determined values of the a  transition (Tg) = 292°C and 
the degradation (Td) = i) 416°C. Hence the aromatic param eter­
ization gives the better comparison with experiment, so was the 
one used.
Binary B lends
The corresponding data for the binary blend (50% of the first 
two polycyanurates) comprises elements of both networks: 
displaying a flatter response at lower temperatures (where the 
behaviour of monomer 1 predominates evidenced by the lower y 
transition at 80°C similar to the first monomer, but appears more 
similar to monomer 2 at higher temperature with a  transition (Tg) 
at 295°C and the (3 transition at 220°C. Interestingly the blending 
has pushed the degradation onset to 390°C with the second stage 
at 440°C, which is more similar to the third monomer.
A systematic study of the blends of the three monomers was 
carried out from 50:50 of each of the monomers to 90:10 and the
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Figure 5. Results of molecular dynamics simulation of density versus temperature for the homopolymer of PT30.
doi:10.1371/journal.pone.0044487.g005
A
Figure 6. Image of delocalised triazine ring formed through polymerisation.
doi:10.1371 /journal.pone.0044487.g006
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Figure 7. Results of molecular dynamics simulation of density versus temperature for the blend of monomer 1 and 3 in a 70:30 ratio 
using alternating single and double bonds.
dol:10.1371/journal.pone.0044487.g007
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Figure 8. Results of molecular dynamics simulation of density versus temperature for the blend of monomer 1 and 3 in a 70:30 ratio 
using aromatic bonds.
dol:10.1371/journal.pone.0044487.g008
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Table 2. Thermal data from molecular simulation (Transition and onset tem peratures in °C).
M odel C om position No. o f  atom s a  Transition (Tg) P Transition y  Transition D egradation  o n se t  (Tj)
(1) 4778 260 175 80 350 420
(2) 5553 310 235 195 405
(3) 5230 360 260 90 400 480
[(1)so~(2)5o] 3580 295 220 80 390 440
1(1 )60~(2)4o1 4470 290 195 100 395 460
[(1)70~(2)3o1 4604 250 350 110 400 430
[(1)ao~(2)2o] 4276 280 310 75 380 420
[(1)90~(2)io1 4380 295 220 80 400 440
t(3)so~{2)sol 5348 350 270 80 395 420
[(3)60~(2)4o1 4704 350 250 110 405 420
1(3)70~(2)3o1 5658 300 350 230 105 400 420
[(3)80-(2)2o1 5920 370 260 120 410 460
1(3)9o~(2)io] 5552 290 360 180 95 410 450
1(3)50-(1)so] 5409 305 360 175 75 400 450
[(3)60~{1)4o1 5798 305 360 160 80 420 460
[(3)70~(1 )3o1 6016 280 370 205 80 480
[(3)so~(1)2o] 6224 260 360 110 75 400 450
[{3)90-(1)io1 6040 310 370 120 60 405 490
doi:10.1371 /journal.pone.0044487.t002
alpha, beta, gamma and degradation onset temperatures for each 
were simulated. These results are presented in Table 2. It can be 
seen that there is a general trend towards the thermal data peaking 
for the 80:20 and 90:10 blends, although this is not clear cut in all 
cases. The predicted alpha transitions and degradation onset 
temperatures were compared with actual experimental values for 
all cases (Table 3). A visual comparison of the experimental TGA 
and DM TA data plotted against the simulated data is given in 
supporting information. Table S2. As noticed for the binary blend
discussed earlier there is a general trend to favour the behaviour of 
the less thermally stable monomer at lower temperatures and the 
more thermally stable monomer at higher temperatures. There is 
good agreement in almost all cases except for the blend of 70:30 of 
monomer 3 and 1, where there are 2 inflexions in the simulated 
data at 280 and 370 K  and the experimental data gives a value of 
380 K. The three dimensional structure o f this blend is shown in 
Figure 9. This blend also shows an anomaly at the 50:50 blend, 
again of m onomer 3 and 1 (Figure 10). Here there are also 2
Table 3. Comparison of predicted and experimental therm al data (all + /—5°C).
Blend
Predicted  Tg 
(1/2) Actual Tg
Predicted  Tj 
(1/2) Actual Td
[(1)so~(2)5o] 295 291.83 390/440 414
[(1)60~(2)4o1 290 291.59 395/460 411
[(1)70~(2)3o] 250 292.72 400/430 416
[(1)80~(2)2o1 280 286.3 380/420 413
1(1)90~(2)io] 295 287.76 400/440 400
[(3)so~(2)5o] 350 336.9 395/420 420
t(3)60~(2)4ol 350 331.83 405/420 420
[(3)70~(2)3o1 300/350 331.72 400/420 408
1(3)80~(2)2o] 370 325.27 410/460 420
[(3)9o-(2)io1 290/360 410/450 418
[(3)50~(1)so] 305/360 311.82/343.83 400/450 416
[(3)60~(1)4o1 305/360 307.82 420/460 419
1(3)70~(1)3o1 280/370 380.62 480 420
[(3)80~(1 )2o1 260/360 325.27 400/450 420
[(3)90-(1)io1 310/370 405/490 419
doi:10.1371/journal.pone.0044487.t003
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Figure 10. Results of molecular dynamics simulation of density versus temperature for the blend of BADCy:LECy in a 50:50 blend.
dol:10.1371/journal.pone.0044487.g010
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inflexions but also 2 inflexions in the experimental data, which are 
close to the experimental values. This blend seems to be behaving 
as 2 independent networks both in the simulation and also in the 
experiment.
Molecular simulation of cyanurate polymers is shown to 
reproduce with a good degree of accuracy the thermal events 
occurring experimentally for three different cyanate containing 
monomers. Furthermore it is also possible to simulate the thermal 
events of binary blends of the three monomers, again with good 
agreement to experiment. These thermal events, particularly the a  
transition, more commonly known as the Tg, are important in 
selecting materials for end use apphcations. The Tg determines the 
thermal softening point of the polymer and is crucially important 
in e.g. aerospace applications where it is not desirable for the 
polymer to exceed its Tg in use. Therefore molecular simulation 
can be used as a tool to screen and design polymers and blends 
thereof for end use applications.
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